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ABSTRACT 


This  manual  deals  with  the  thermal  anti -icing  of  aircraft  wing  and 
tail  surfaces  which  are  protected  by  double-skin  heaters.  After  a  brief 
introduction,  refersnoe  material  is  presented  for  pressure  drop  of  duct 
components,  water  impingement  on  airfoils,  and  coefficients  of  heat  and 
mass  transfer  by  cdnveetion.  The  last  parts  of  the  manual  are  devoted'  to 
mass  and  heat  balances  on  airfoils  and  to  a  design  procedure  presented 
from  the  viewpoint!  of  performance  analysis. 
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NOMENCLATURE 


Note  It  The  symbol  lb  Is  used  for  pound  force  and  lbffl  for  pound  nmss. 
However,  in  many  places  the  subscript  m  has  been  deleted  -where  the 
unit  is  clear. 


Note  2 1  The  symbol  F  is  used  for  the  unit,  Fahrenheit  degree  (temperature 
difference).  One  Rankine  degree  is  equal  to  one  Fahrenheit  degree; 
hence,  the  symbol  F  is  also  used  for  a  degree  on  the  absolute  tempera¬ 
ture  scale.  The  symbol  *F  is  U3ed  for  the  tenparature,  that  is,  the 
piece  on  the  Fahrenheit  temperature  scale. 


Note  '}  i  The  prime  (')  and  double  prime  (w)  are  used  with  such  symbols  as 

m,  q,  W,  and  w  to  denote  that  the  quantity  refers  to  a.  unit  of  length 
or  a  unit  of  area,  respectively. 

Note  it ?  The  bar  (■»)  over  a  symbol  denotes  a  mean  value  of  the  quantity. 

The  arrow  (— ►)  denotes  a  vector  quantity. 

Note  5 i  The  superscript  +  indicates  a  dimensionless  quantity. 


Symbol 

A 

a 

i 

b 

b 

C 

c 

c . 

% 

°L 


Quantity 

area 

droplet  radius;  width  of  passage 
coefficient  of  mass  transfer 
height  of  passage 
constant 

total-pressure-loss«-ooefficient  factor 
for  diffusers 

pitch  of  currugation 

drag  coefficient 

lift  coefficient 


Unit 


ft 


ft/hr 

ft 


ft 


n 


defined  by  Eq.  2-21 


c 

P 

D 


pressure  coefficient 

specific  heat  B/lb^  ^ 

mutual  diffusivity  of  water  vapor  in  air  ft^/hr 
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Symbol 


0, 


F 

*o 

f 

G 

0 

g 

H 

H 

h 

*U 

X 

t 

J 

J 

K 

X 

St 

KS 

k 

L 

M 

M 


Quantity 

droplet  diameter 
duct  diameter 

accumulative  collection  efficiency 
total  collection  efficiency 
function}  factor 
compressibility  factor 

.  i  •  • 

coefficient  of  friction  defined  by  Eq.  2-3 

ratio  defined  by  Eq.  6-22 

rate  of  flow  per  unit  area 

constant  of  acceleration  due  to  gravity 

ratio  defined  by  Eq.  6-23 

total  pressure 

coefficient  of  heat  transfer 
over-all  coefficient  of  heat  transfer 

^St^mod^St 


Unit 

microns 

ft 


Ib/hr  ft2 
ft/sec2 


lb/.ft2 
B/nr  ft2  F 
B/hr  ft2  F 


enthalpy 

defined  by  Eq.  2-33 
mechanical  equivalent  of  heat 
coefficient  of  total-pressure  loss 
inertia  parameter  defined  by  Eq.  3-7 
pressure-temperature  correction  factor 
average  inertia  parameter  defined  by  Eq.  3-22 
thermal  conductivity  B/hr  ft  F 

length}  chord  length  ft 

Mach  number  • 

molecular  weight  lb/lb-mole 


B/lb 

ft  lb/B 
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Symbol 

Quantity 

Unit 

m 

Euler  number 

m 

rate  of  evaporation 

lb/hr 

NNu 

Nussalt  number,  hl/ko 

NNu,D 

Nusselt  number,  hD/k^ 

NNu,L 

Nusselt  number,  hl/k^, 

Nrr 

Prandtl  number 

NRe 

Reynolds  number,  UQ L  ^q/ ^ 

^Re,D 

Reynolds  number,  UQ  D  p^/ ^ 

NRe,d 

Reynolds  number,  Uq  E^  pQ/ p. o 

KRe,L 

Reynolds  number,  UQ  1  ji. 

NSc 

Schmidt  number 

Nst 

Stanton  number,  h/(Uo  jD  c^)  ' 

^St^mod 

modified  Stanton  humber,  b/U 

n 

exponent}  number  of  vanes 

'  lb/ft2 } 

P 

■  pressure  v;  j 

in. -mercury 5 
in. -rater 

Q 

volumetric  discharge 

f tV sec 

<1 

rate  of  heat  transfer 

B/hr 

a 

gas  constant 

ft  lbj/lb  7 

radius 

ft 

s 

profile  distance 

ft 

SH 

heated  distance 

ft 

T 

absolute  temperature 

*R 

t 

temperature 

°F 

U 

velocity  ft/sec?  knots 

u 

local  velocity  of  air  relative  to  airfoil 

ft/sec 
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Quantity 


Symbol 

v 

V 

W 

w 

I 


specific  volume 

local  velocity  of  droplet  relative  to  airfoil 
rate  of  impingement 
rata  of  flow 


Unit 

ft3/lb 

ft/ sec 

lb/hr 

lb/hr 


width 


ft 


X 

profile  abscissa 

ft 

I 

height]  depth 

ft 

y 

profile  ordinate 

ft 

airfoil  thickness 

ft 

z 

defined  by  Eq.  6-13  and  —lit 

angles 

degrees 

a,  p 

fractions 

P 

local  collection  efficiency  defined  by  Eq. 

3-28 

P 

defined  by  Eq.  k-3 

r 

specific  weight 

lb/ ft3 

6 

angle 

degrees 

-  5  '• 

boundary  layer  thickness  in  Eq.  2-9 

ft 

e  , 

surface  wetness  fraction 

*1 

fin  effectiveness 

V 

local  recovery  factor 

0 

defined  by  Eq.  2-26 

0 

half  divergence  angle  of  diffuser 

e 

defined  by  Eq.  6-1? 

F 

It 

ratio  of  specific  heats 

A 

defined  by  Eq.  2-2k  in  Section  2-12.1 

rx ± 
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Symbol 

k 

A 

r 

V 

TT 

? 

4> 

* 

<*w 


Quantity  Unit 

empirical  parameter  in  Sections  2-11.1 
and  -1.1.2 


latent  heat  of  vaporization  in 
dynamic  viscosity 

kinematic  viscosity 
defined  by  Eq.  2-25 
density 
angle 

parameter  defined  by  Eq.  3-15 
parameter  defined  by  Eq.  >11; 
specific  humidity 
liquid  water  content 


Chapter  6  B/lb 

slug/ft  sect 
lb ytt  hr 

ftVsscj  ft2/hr 

slug/ft^)  lb^'ft^ 
degrees 


g/cu  meter 


Symbol 

AjBjC jDj  * . . 

a 

b 

c 

d 

e 

ex 

f 

G 

i 

iso 


SUBSCRIPTS  ■ 

Quantity 

chordwise  stations  along  double-skin  passages 
air}  air  in  double-akin  passage 
bulk}  branch 

contraction}  convection;  cylinder;  corrugation 
droplet;  duct 

effective;  equivalent;  elbow; 

exit;  expansion 

film 

double-skin  gap  or  passage 
incompressible;  inlet;  index 
isothermal 
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index 


Quantity 


Symbol 

j 

l 

lam 

o 

m 

s 

sk 

st 

tot 

tr 

turb 

/ 

f  u 

.1 '  ' 

|  .  v 

w 

X 

y 
■  l 

1*2>3>*** 


lower  surface 
laminar 

free  stream j  orifice 

mean 

surface 

skin 

stagnation  point 

total  or  stagnation  condition 

transition 

turbulent 

upper  surface 

vapor 

water 

x-direction 

y-direction 

outer  edge  of  boundary  layer 
sections j  stations 
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Chapter  1»  INTEpfltJflTION 


1-1  Scope  and  Objectives. 

This  manual  deais  with  steady- state,  or  continuous,  thermal  anti¬ 
icing  of  wing  and  tail  surfaces.  The  heating  medium  of  any  system  con¬ 
sidered  here  is  assumed  to  be  hot  air  flowing  along  inner  surfaces  of  the 
skin,  that  is,  through  so-called  double-skin  heat  exchangers. 

Specific  objectives  of  the  manual  are  to  provide  methods  and  reference 
material  for  the  design  of  continuous  thermal  anti-icing  systems  in  wings 
and  empennages  insofar  aa  the  thermal  design  is  to  be  considered.  Other 
aspects  of  ttie  design,  such  as  the  selection  of  a  heat  source,  the  perform¬ 
ance  of  the  power  plant  during  icing  conditions,  the  effect  on  range  of 
flight,  the  .economic  aspects,  etc,  are  not  treated  here  but  may  be  found 
in  other  places.  For  example,  Tribus  (Ref.  12h,  Chapter  III)  deals  with 
some  of  these  problems . 

■While  only  anti-icing  is  b'eing  considered,  a  large  amount  of  the 
reference  material,  such  aa  the  data  from  calculation  of  water  droplet 
trajectories,  may  be  used  for  calculations,  on  mechanical,  chemical,  and 
cyclic  de-icing  systems.,  '  1 

1-2  Meteorological  Design  Data 

The  rate  of  water  impingement  will  be  found  to  depend  upon  the  fol¬ 
lowing  meteorological  quantities:  liquid  water  content,  droplet  sizes, 
and  temperature.;  A  typical  set  of  these  quantities  is:1 

liquid  water  content..... . 0»5  gram/cubic  meter 


droplet  size  (unifohn),.. . ,,20  microns 

air  temperature . . . l5°F 


Several  investigators  (see,  for  example,  Ref.  $2,  67,  and  83)  have  taken 
steps  to  reach  methods  of  selecting  the  meteorological  quantities  as  well 

"'■’The  units  are  those  generally  employed  in  this  field  of  application. 
To  change  to  consistent  engineering  units,  consult  Table  A— ii  in  the  Appen¬ 
dix  of  this  manual. 
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as  horizontal  and  vertical  extent  of  icing  conditions.  It  will  be  supposed 
that  the  designer  enters  the  text  with  knowledge  of  the  icing  conditions 
against  which  he  desires  to  protect  the  airplane.  The  next  few  sections 
contain  the  approximate  ranges  of  the  meteorological  quantities  and  some 
of  their  influences.  In  regarding  them,  it  should  be  borne  in  mind  that 
extreme  combinations  of  the  meteorological  quantities  have  been  found  to 
be  infrequent.  Thus,  while  simultaneous  low  temperatures  and  high  amounts 
of  liquid  water  content  would  produce  extremely  hazardous  icing,  this  com¬ 
bination  of  properties  has  a  low  probability  because  the  supercooled  water 
droplets  in  a  cloud  freeze  in  increasing  numbers  as  the  temperature  de¬ 
creases.  Other  more'  or  less  fortuitous  relationships  between  meteorologi¬ 
cal  quantities  seem  to  occur.  Moreover,  the  experienced  pilpt,  whenever 
possible,  avoids  or  reduces  the  effect  of  icing  by  changing  his  course, 
speed,  or  both.  ‘ 

1-2.1  Influence  and  Range  of  Liquid  Water  Content 

The  rate  of  water  catch  increases  in  direct  proportion  to  the 
liquid  water  content.  Its  maximum  value  is  reported  to  range  up  to 
1.8  grstfis  per  cubic  meter  in  cumulus  clouds  (Ref.  129).  Stratus-type 
olouds  seldom  exceed  1.0  gram  per  cubic  meter  and  usually  have  only  a  few 

tenths  gram  per  cubic  meter  (Hef.  129). 

'  ■  u-  -  ( 

1-8.2  Influence  and  Range  of  Droplet  S:‘ae 

The  droplet  size  influences  the  rate  of  water  catch  in  a  very 
complex  way.  All  other*  variables  remaining  fixed,  the  rate  of  water  catch 
increases  with  increasing  droplet  size.  Calculations  arc  usually  based  on 
a  mean  effective  diameter,  which  is  the  diameter  of  the  droplet  such  that 
half  the  liquid  water  content  lies  in  droplets  of  lesser  diameter  and  the 
other  half  in  droplets  of  greater  diameter.  Mean  effective  diameters 
range  from  about  5  to  5>0  microns  diameter.  Tribus  (Ref.  I2li,  page  1-3) 
shows  that  at  moderate  altitudes  and  temperatures,  high  liquid  water  con¬ 
tents  and  large  droplets  seldom  occur  simultaneously. 

The  experimental  results  of  Dorsch  and  Hacker  (Ref.  36)  and  the 
Btatistical  investigation  by  Levine  (Ref.  82)  indicate  that  droplets  of  any 


HA  DC  TR  t'ii-313 


2 


given  si2e  freeze  spontaneously  at  a  markedly  high  rate  when  their  tempera¬ 
ture  is  lowered  to  a  particular  value  peculiar  to  that  drop  size  and  that 
the  average  spontaneous  freezing  temperature  of  each  size  group  decreases 
with  decreasing  droplet  size.  It  appears  that  for  all  practical  purposes 
of  the  present  application  it  may  be  assumed  that  no  liquid  water  exists 
in  the  atmosphere  when  its  temperature  falls  to  -i;0*F  or  below,  although 
in  laboratory  tests  supercooled  water  has  been  shown  to  exist  at  lower 
temperatures. 

1-2.3  Mean  Icing  Atmosphere 

From  300  icing  observations  studied  by  Hacker  and  Dorsch  (Ref. 
5>2),  it  was  found  by  Brun,  Serafini,  and  Moshos  (Ref,  27)  that  the  average 
icing  temperature  of  the  atmosphere  at  any  altitude  differs  somewhat  frcm 
the  corresponding  temperature  of  the  NA.CA  Standard  Atmosphere  (Table  A-l ) . 
These  temperatures  are  plotted  in  Fig.  A-lj  averapa  icing  temperatures  are 
represented  by  the  solid  line  and  standard  temperatures  by  the  dotted  line. 
In  this,  manual  t/iany  of  the  calculation  aids  are  constructed  with  the  idea  ' 
that  the  temperature  of  the  atmosphere  is  uniformly  l5*F.  This  is  consist¬ 
ent  with  the  assumption  that  large  droplets  and  high  water  contents  may 
occur  at  any  altitude  and  allows  conservative  bases  for  design.  In  any 
case,  the  relationship  between  pressure  and  altitude  is  that  given  in 
Table  A-l. ■ 

1-2.1*  Influence  of  Meteorological  and  Flight  Parameters  on  Heat 

Requirements 

It  will  be  seen  that  the  heat  provided  to  the  skin  of  a  wing  to 
protect  it  from  icing  is  dissipated  mainly  in  heating  the  water  that  col¬ 
lects  on  ths  surface,  in  evaporating  the  water,  and  by  forced  convection. 

J.  L.  Orr  (Ref.  103)  presents  results  of  calculations  to  show  the  effects 
of  variations  of  the  major  meteorological  and  flight  parameters  on  the  heat 
required  per  unit  time  per  unit  area  to  maintain  the  stagnation  region  of 
a  circular  cylinder  free  from  ice  and  at  )2*F.  Some  results  of  those  cal¬ 
culations  are  now  summarized. 

The  heat  required  As  almost  a  linear  ‘function  of  the  air  tempera¬ 
ture,  increasing  as  the  temperature  decreases.  Also,  the  heat  required  is 

HA  DC  TH  5'1*-313  3 


a  linear  function  of  the  liquid  water  content,  increasing  as  the  liquid 
water  content  increases.  As  the  mean  effective  droplet  diameter  increases 
and  approaches  20  to  30  microns,  the  heat  load  increases,  approaching  a 
practically  uniform  amount. 

The  altitude  has  a  relatively  minor  effect.  The  reason  is  that 
the  reduction  in  convective  losses  due  to  decreased  density  is  offset  by 
an  increase  in  evaporation  losses  due  to  reduced  pressure. 

Small  cylinders  are  less  effective  in  deflecting  the  water  drop¬ 
lets  than  large  cylinders.  For  this  reason  small  cylinders  require  rela¬ 
tively  much  more  heat  per  unit  area  than  large  cylinders.  The  influence 
of  size  is  less  noticeable  among  cylinders  of  lsrge  diameters. 

Velocity  has  an  important  influence.  As  the  speed  increases 
from  zero  velocity  the  heat  requirement  reaches  a  peak  and  than  diminishes, 
chiefly  on  account  of  the  kinetic  heating  due  to  skin  friction.  It  is 
highly  probable  that  any  airfoil  moving  with  Mach  number  greater  than 
unity  would  remain  free  of  ice,  not  requiring  any  heat  other  than  that 
provided  by  aerodynamic  heating.  Certainly,  under  ordinary  circumstances, 
at  Mach  number  1.5  any  auxiliary  heating  would  be  unnecessary)  the  water 
would  remain  in  the  liquid  phase  and  run  off  the  trailing  edge.  However, 
if  the  criterion  of  design  is  complete  evaporation  without  runoff,  the  re¬ 
quired  rate  of  heating  is  very  high,  even  when  the  speed  is  well  in  the 
supersonic  region. 

The  qualitative  remarks  in  the  preceding  paragraphs  apply  equally 
well  to  the  stagnation  region  of  airfoils.  Beyond  the  region  of  stagnation, 
the  relative  amounts  of  heat  lost  by  sensible  heating  of  the  water,  by 
evaporation,  and  by  convection  can  be  considerably  different  from  those 
■  illustrated  in  Orr's  graphs. 

Also,  runbaek  beyond  the  heated  area  can  be  tolerated  when  speeds 
are  high  enough  so  that  the  aerodynamic  heating  maintains  the  runbaek  in 
the  liquid  phase. 
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1-3  Description  of  Hot  Air  Anti-Icing  Systems 

Figure  1-1  is  a  cross  section  of  a  typical  double-skin  heat  exchanger 
in  the  leading  edge  of  a  wing.  The  inner  skin  may  have  any  of  the  shapes 
shown  in  Fig.  1-2.  The  corrugated  and  dimpled  types  are  usually  made  of  a 
thin  metal  which  can  be  easily  pressed.  The  height  of  the  gaps  may  vary 
from  a  large  fraction  of  an  inch  in  the  case  of  the  sinusoidal  shapes  to 
about  1/8-inch  in  the  case  of  the  rectangular  or  trapezoidal  shapes,  although 
much  smaller  gaps  have  been  reported.  Some  typical  dimensions  of  the  pas¬ 
sages  are  shown  in  Fig.  1-2 (e),  -(f),  and  -(g).  The  heights  of  passages 
made  with  spacers  or  by  milling  operations  are  most  easily  controlled 
in  production.  The  passageways  must  be  kept  clear  of  any  foreign  materials 
during  assembly,  particularly  if  they  are  thin.  The  inner  skin  is  usually 
fastened  to  the  outer  skin  by  means  of  rivets. 

The  entrance  to  the  passages  shown  in  Fig.  1-1  is  rounded  by  means  of 
metal  strips  fastened  over  the  peaks  of  the  corrugations.  However,  in  other 
constructions  the  entrances  have  been  left  sharp,  and  in  some  cases  the 
upper  and  lower  panels  have  been  made  continuous,  the  air  entering  at  the 
loading  edge  through  one  or  mor$  orifices  per  passage.  The  orifices  are 
sized,  often  by  test,  to  meter  and  balance  the  flows  through  the  conjugations t 
The  same  purpose  is  served  by  the  orifices  at  the  outlets  of  the  corrugatione 
shown  in  Fig.  1-1. 

The  seals  at  the  end  of  the  corrugations  and  similar  seals  along  the 
edges  of  the  individual  panels  are  important.  If  they  are  not  provided, 
the  system  may  become  so  unbalanced  that  insufficient  heat  will  be  provided 
along  many  passages,  and  icing  will  occur.  Several  mastics  or  caulking 
compounds  are  available  to  make  the  seals. 

Other  types  of  distribution  systems  are  shown  in  Fig.  1-3.  In  Fig.  l-3(a) 
a  liner  is  used  and  the  air  is  directed  in  such  a  way  that  it  makes  a  double 
pass.  The  liner  is  used  to  provide  a  more  uniform  channel  through  the  D 
duct  so  that  pressure  losses  are  reduced  (Ref.  98). 

In  Fig.  l-3(b),  the  supply  duct  passes  behind  the  front  spar.  This 
duct  should  be  insulated  because  it  is  in  a  region  of  low  temperature. 
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CORRUGATED  PASSAGE 
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AIR  FLOW  IN  SOME  TYPICAL  LEADING  EDGES 
OF  HEATED  WINGS 


Insulation  should  be  inserted  between  the  duct  and  the  supporting  brackets 
in  order  to  reduce  the  influence  of  through-metal  conduction.  This  type 
of  distribution  is  suitable  where  large  ducts  are  needed  as  in  low-pressuye 
anti-icing  systems  in  thick  wings. 

A  modification  of  this  type  of  distribution  system  is  shown  in  Fig. 
l-3(c).  The  supply  duct,  which  is  perforated,  passes  through  the  D  duct. 

This  arrangement  has  been  used  in  high-pressure  anti-icing  systems  where 
wings  are  thin,  where  little  space  is  available  forward  of  the  front  spar, 
and  where  the  supply  duct  is  small.  The  orifices  meter  and  balance  the 
flow. 

Another  modification  for  a  high-pressure  system  is  shown  in  Fig.  l-3(d) . 
Here,  part  of  the  air  is  recirculated.  In  this  case  the  supply  air  may  be 
at  quite  a  high  temperature.  In  one  design,  about  70  per  cent  of  the  air 

flowing  through  the  corlrugations  has  been  recirculated. 

*  .  ......  '  '• 

Other  types  of  distribution  systems  have  been  employed  and  suggested. 

An  anti-icing  system  based  upon  spanwise  flow  of  the  hot  air  instead  of 
chordwise  flow  is  analyzed  in  Ref.  28.  Only  the  chordwise  heaters,  which 
at  this  time  seem  to  be  more  practical  from  the  viewpoint  of  manufacture, 
are  considered  in  this  manual. 

The  simple  types  of  passages , shown  diagraramatically  in  Fig.  1~2  may 
be  combined  in  a  single  double-akin  heat  exchanger,  and  in  some  cases  the 
distribution  system  may  be  quite  complex.  Figure  1— 1»  is  a  sketch  of  a 
heater  comprised  of  spacer  and  dimple-type  passages  in  the  leading  edge  of 
a  wing  with  a  slat.  Warm  air  exhausting  through  the  orifices  in  the  slat 
passes  down  between  the  slat  and  the  main  part  of  the  wing  to  keep  the  apace 
between  them  free  of  ice.  The  heater  on  the  lower  surface  is  longer  than 
the  heater  in  the  upper  surface  because  the  area  of  impingement  on  the  lower 
surface  is  larger. 

Some  of  the  complex  details  of  the  supply  duct  and  corrugated  double¬ 
skin  heaters  in  a  vertical  stabilizer  are  shown  in  Fig.  l-f>. 
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1-U  The  Designer’s  Problem 

The  designer  must  determine  the  size  of  the  passages,  their  arrangement, 
the  amount  of  heated  air,  and  the  air  temperature  required  to  keep  the  ex¬ 
terior  surfaces  free  of  ice.  Having  determined  a  physical  arrangement,  he 
will  also  be  called  upon  to  analyze  its  performance  under  any  given  flight 
and  icing  conditions.  Neel  (Ref.  98)  suggests  that  space  limitations  and 
the  available  heat  supply  often  will  determine  the  physical  arrangement  of 
the  anti-icing  system  and  that  the  design  procedure  becomes  one  of  deter¬ 
mining  what  temperature  and  what  rate  of  air  flow  should  be  supplied  to  an 
arbitrarily  chosen  system. 

The  purpose  of  the  next  chapters  is  to  provide  some  methods  and  refer¬ 
ence  materials  to  aid  the  designer  in  the  calculations  to  meet,  these  ands„: 
Details  of  many  individual  problems  are  still  unsolved!  therefore,  the  de¬ 
signer  must  bring  to  this  task:  his  knowledge  of  the  engineering  sciences  and 
the  arts  of  engineering  practice  whicl\  he  gains  by  experience,.  So  far ,  ex¬ 
perience  has  shown  that  the  general  techniques  set  forth  in  the  following 

pages  lead  to  rather  satisfactory  results. 

I 

i! 

Following  Neel's  suggested  procedure,  the  designer,  either  by  experience 
or  by  preliminary  calculations  to  be  described  later,  arrives  at  a  double- 
skin  heat  exchanger  and  supply  system.  Then  he  analyzes  the  system,  ad¬ 
justing  the  inlet  temperature  of  the  air  and  its  rate  of  flow  uhtil  effective 
operation  is  obtained.  If  this  condition  cannot  be  met  within  the  limits 
of 'available  flow,  permissible  temperatures,  and  allowable  expenditure  of  ' 
energy,  the  design  must  be  altered  until  a  satisfactory  solution  is  attained. 

The  final  check  is  obtained  by  flight  tests  in  icing  weather,. 
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Chapter  2:  AIR  FLOW  IN  COMPONENTS  OF  ANTI-ICING  SYSTEMS 
2-1  Introductory  Remarks 

The  designer  may  be  faced  with  either  of  two  general  problems.  Ducts 
will  have  to  be  sized  for  the  proper  distribution  of  a  predetermined  amount 
of  hot  air.  Or  the  distribution  of  the  flow  through  a  given  anti-icing 
system  will  have  to  be  determined  in  order  to  analyze  the  performance  of 
the  system.  The  purpose  of  this  chapter  is  to  provide  sonie  relationships 
and  reference  material  to  aid  in  solving  either  of  these  problems. 

Results  from  many  investigations  on  frictional  resistance  in  straight 
circular  ducts  have  often  been  shown  in  the  literature  to  be  in  satisfactory 
agreement.  Investigations  on  other  components  such  as  elbow3>  branching 
duct s,  and  so  forth,  have  been  eo  diverse  with  regard  to  configurations  and 
flow  characteristics,  that  generalisation  of  this  information  usually  has 
presented  difficulties.  Fortunately,  calculations .baaed  on  the  methods 
and  data  of  this  manual,  which  have  been  taken  mainly  from  well  known 
sources,  seem  to  be  sufficiently  accurate  for  the  present,  application. 

Energy  losses  of  air  flowing  in  a  duct  system  depend  upon  the  con¬ 
figuration  of  the  conduit,  the  nature  of  the  flow,  and  the  physical  proper¬ 
ties. 

. .  •  ••  •  \  .  . 

2-1.1  Configuration 

The  configurations  and  the  material  of  the  conduit  play  the  most 
important  role  in  consideration  of  the  pressure  drop.  Charges  of  magnitude 
and  direction  of  the  fluid  velocity  and  distributions  of  the  flow  and  static 
pressure  are  influenced  primarily  by  the  geometry  of  the  passages.  Thus, 
an  abrupt  change  of  cross  section  may  cause  large  energy  losses.  The  sur¬ 
face  roughness  may  change  the  nature  of  the  flow  and  increase  the  frictional 
losses. 


2-1 . 2  Nature  of  the  Flow 

The  distribution  of  velocity  approaching  any  elbow  or  other  fitting 
is  known  to  have  considerable  influence  on  the  losses.  This  influence  is 
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extremely  complex,  and  ths  designer  is  usually  satisfied  to  approximate  the 
losses  by  assuming  that  the  distribution  is  uniform. 


As  is  well  known*  frictional  losses  are  much  greater  in  the  case 
of  turbulent  flow  than  in  the  case  of  laminar  flow.  In  a  straight  circular 
tube,  the  flow  may  be  considered  laminar  if  the  Reynolds  number  is  less 
than  2300 j  in  a  aurved  tube  the  critical  Reynolds  number  may  be  greater. 
Above  10,000  and  in  long  ducts*  it  may  be  assumed  that  fully  developed  tur¬ 
bulence  has  developed.  Between  these  two  values  a  transition  occurs  which 
cannot  be  well  defined.  In  any  case,  a  region  of  transition  occurs  inside 
the  entrance. 


2-1.3  Physical  Properties 

The  major  properties  entering  the  discussion  of  fluid  flow  in  in¬ 
ternal  systems  are  density  ^  and  dynamic  viscosity,  a  .  The  ratio  p /jo 
also  occurs;  it  is  denoted  by  v  and  called  the  kinematic  viscosity.  _ 
Tables  A-l  and  -2  may  be  used  to  evaluate  these  quantities.  The  density 
of  the  air  inay  be  calculated,  also,  by  means  of  the  relationship  of  state, 


P  =  R? 


(2-1) 


Taking1  M  =  lbf/ft2,  [T]  r»/R,  and  R  *  53.3  ft  lb^lb^,  the  units  of 
are  lb^/f . 


P 


For  all  practical  purposes  the  specific  weight  f  has 
the  same  numerical  value  as  q  but  its  un±t8  are  lb^/ft^.  It  maybe  re¬ 
called  that  if  p  is  expressed  in  slug/ft^  then  pg. 


The  flow  is  considered  incompressible  or  compressible,  depending 
upon  whethefr  the  density  charges  with  the  pressure  or  not.  In  most  cases 
the  density  may  be  regarded  as  virtually  constant  and  in  the  following 
sections,  unless  otherwise  specified,  the  flow  will  be  considered  incom¬ 
pressible. 


1  _ 

For  the  bracketed  expressi one ,  read,  "the  units  of 

Ih 
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2-1. U  Frictional  and  Fitting  Losses 

The  sum  of  the  static  pressure  and  the  dynamic  pressure  is  called 
the  total  pressure* 


H  =  p  +  i  pU2  (2-2) 

In  a  system  without  energy  losses,  H  would  be  uniform.  In  this  manual 
losses  of  total  pressure  due  to  fluid  friction,  as  in  the  case  of  flow 
through  straight  tubes,  -will  be  called  frictional  losses;  all  other  losses, 
such  as  those  duo  to  elbows,  diffusers,  branches,  and  so  forth,  will  be 
called  fitting  losses. 

In  accordance  with  the  principle  of  continuity,  since  the  effect 
of  non-uniform  velocity  distribution  is  not  considered,  the  dynamic  pressure 
^U^/2  in  a  duct,  of  constant  cross-sectional  area,  is  constant  and  the  loss 
of  total  pressure  is  equal  to  the  loss  of  static  pressure. 

.Since,  in  most  practical  cases,  the  pressure  losses  are  approxi¬ 
mately  proportional  to  the  square  of  the  air  velocity,  losses  may  be  re¬ 
duced  by  using  ducts  of  large  size.  Frictional  losses  in  short  straight 
ducts  of  constant  cross-sectional  area  are  relatively  small  compared  with 
fitting  losses.  Therefore,  care  should  be  taken  to  keep  the  number  of 
fittings  as  small  as  possible. 


2-2  Pressure  Drop,  in  Straight  Tubes 

The  pressure  drop  due  to  friction  of  a  fluid  flowing  in  a'  tube  is  cal¬ 
culated  by  means  of  the  Darcy-Weisbach  equation, 

'  '  ..  ~  /  ■'  .  '•■  •• 

=  f.@2~  .  (2-3) 

x  ,  -  jd  2g  v,  "  ■ 

%  .  *  V 

where  U  is  the  mean  velocity,  ;If  ra  =  ft/sec,  p|{j  =  lb/ft^,  g  ~  32.17 
ft/ sec then  £Ap]  -  lb/ft^.  The  friction  coefficient  f  is  a  function 
of  the  Reynolds  number  and  surface  roughness.  Figure  2-1  shows  the  friction 
coefficient  f.  for  smooth  tubes  based  on  values  from  Ref.  96.  It  may  be 
noticed  that  there  are  well  established  correlations  for  the  friction 
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FiG.  2-1  FRIGTION  COEFFICIENT  FOR  SMOOTH  TUBES 


coefficient  of  entirely  laminar  or  fully  developed  turbulent  flan.  Infor¬ 
mation  for  tfce  transition  region,  which  probably  extends  over  a  broader 
range  of  than  that  shown,  is  not  well1  established. 

In  order  to  facilitate  the  calculation  of  pressure  drop  for  air  in 
straight  tubes  Fig.  2-2  and  -3  have  been  constructed.1  Figure  2-2  shows 
values  of  pressure  drop  in  in. -eater  per  foot  length  of  tube  as  a  function 
of  the  weight. rate  of  flow  and  tube  diameter.  The  diagram  is  baaed  on 
300*F  temperature  and  29.92  in .-mercury  pressure. 

To  obtain  a  pressure  drop  for  any  temperature  and  pressure  the  value 
of  taken  from  Fig.  2-2  must  be  multiplied  by  the  correction  factor 

K^t  given  in  Fig.  2-3.  The  factor  K  ^  includes  the  influences  of  pres¬ 
sure  and  temperature  on  the  fluid  properties. 

2-3  Pressure ,  Drop  in';  Elbows 

A  loss  of  total  pressure  occurs  when  air  passes  around  a  bend.  This 
loss  is  caused  mainly  by  regions  of  reverse  flow  due  to  separation  and  by 
eddying  motions  whose  kinetic  energy  cannot  be  completely  recovered.  A 
relatively  small  loss  is  caused  by  friction. 

For  a  bend  of  uniform  cross-sectiona).  area  the  loss  of  static  pressure 
is  equal  to  the  loss  of  total  pressure  and  expressed  as  a  fraction 

of  the  dynamic  pressure.  Thus, 

’  .  “  -  ij-:'  '  .  /  ..  '  - 

Ap  =  AH  =  Ke  .  ^TJ2.  (2-1*) 

where  Kg  is  the  coefficient  of  total -pressure  loss.  Locklin  (Ref  .  81*) 
shows  that  the  value  of  Ky  depends  on  (1)  the  Reynolds  number,  (z)  the 
radius  rati*  and  the  aspe  >t  ratio,  (35  tb?  angl  of  daflect.  m,  and  ()4)  the 
termination  of  the  elbow. 


Similar  figures  appear  in  Ref.  111. 


J -i 
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FIG.  2-3  CORRECTION  FACTOR  FOR  USE  IN  CONJUNCTION 
WITH  FIG.  2-2 


2-3.1 


Influence  of  Reynolds  Number 

Patterson  (Ref.  10U)  noted  that  a  ten-fold  increase  of  Reynolds 
number  may  reduce  the  bend-loss  coefficient  about  liQ  per  cent.  Pigott 
(Ref.  106)  has  introduced  the  influence  of  surface  roughness  and  Reynolds 
number  in  the  following  empirical  equation  for  the  loss  coefficient  in 
round  and  square  elbows, 

Kfl  =  0.106  (|)  2‘5  +  2000  f2,5  +  f  j  (2-5) 

The  first  term  represents  the  net  loss  coefficient  for  a  fictitious  smooth 
elbow j  R  is  the  radius  of  the  curve  and  Y  is  the  depth  in  the  plane  of 
curvature^  The  second  term  gives  the  increase  due  to  combined  effects  of 
roughness  and  Reynolds  number,  the  friction  factor  being  used  to  characterize 
these  two  factors.  The  last  term  gives  the  frictional  loss,  L  being  the 
length  of  the  Centerline. 

•  .1 

2-3  »2  Influence  of  Radius  and  Aspect  Ratios 

The  results  of  investigations  by  Wirt  (Ref.  132)  and  Hoffmann 
(Ref.  61)  on  the  effect  of  radius  ratio  (the  radius  ,,f  curvature  of  the 
centerline  divided  by  the  depth  in  the  plane  of  curvature,  that  is,  R/y) 
on  the  loss  around  90*  comers  revealed  that  for  best  performance  of  the 
elbow  the  radius  ratio  must  be  3  or  more.  Whereas  it  is  generally  agreed 
that  the  inside  corner  must  be  well  rounded  some  question  remains  about  the 
outside  corner.  Wirt  (Ref.  132)  states  that  the  loss  of  total  pressure  of 
an  elbow  may  be  improved  about  10  per  oent  by  using  a  square  outside  corner, 
McLellan  and  Bartlett  (Ref.  93)  find  that  although  an  elbow  with  a  square 
outer  comer  is  better  than  an  elbow  with  a  well  rounded  comer  for  ducts 
of  low  aspect  ratio  (the  height  normal  to  the  plane  of  curvature  divided  by 
the  depth  in  the  plane  of  curvature,  say,  ll/'t),  the  square  outer  corner  is 
not  better  at  high  aspect  ratio. 

According  to  results  obtained  by  ilfixt  the  aspect  ratio  of  90*  bends 
should  be  about  6  or  more  for  best  performance.  The  influences  of  the 

AIn  the  case  of  the  round  or  square  duct,  Y  i3  the  diameter  or  the 
length  of  the  side,  respectively. 
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radS  '*?  and  aspect  ratios  are  shewn  quantitatively  in  Fig.  2-lj  to  2-8. 

2-30  Influences  of  Angles  of  Deflection 

The  experiments  by  Kirchbach  (Ref.  ?3),  Bauchayer  (Ref.  8),  and 
others  show  that  the  losses  decrease  as  the  angle  of  deflection  decreases. 
This  variation  of  bend  losses  as  function  of  deflection  angle  is  shown  in 
Fig.  2-9}  which  is  reproduced  from  Ref.  Ill* 

2-3.it  Influence  of  the  Termination  of  the  Elbow 

The  works  of  Bei;)  (Ref.  10)  and  Schubert  (Ref,  116)  point  to  the 
fact  that  the  influence  of  the  elbow  may  persist  for  as  many  as  50  diameters 
downstream  in  round  pipes,  particularly  following  bends  of  large  radius 
ratio, 

For  good  performance,  the  bend  should  be  f ollowed  by  a  portion  of 

straight  duct  having  a  length  pf  at.  least  four  times  the  larger  dimension 

in  the  cross  Section  of  the  bend,  With  .reference  to  Fig.  2-1;,  corparison 
1  ’  ii  .  •  ' 

of  Curves  3  and  4  and  of  Curves  1  and  5  shows  that  without  the  straight 

duct  at  the  outlet  an  elbow  nay  have  as  much  as  60  per  cent  higher  pressure 

loss  than  the  same  elbow  with  the  straight  portion,  .  / 

2-3,5  Calculation  of  Elbow  Losses 

Equation  2-h "gives  the  pressure  loss  of  an  elbow.  Tho  value  of-'  " 
the  pressure  loss  coefficient  K„  may  be  obtained  from  Fig.  2-li  to  2-12.' 

All  .coefficients  shown  include  the  pressure  losses  due  to  the  friction. 
Figure  2-1;  is  a  plot  of  K  versus  the  radius/ ratio  R/Y  for  square  e  d 
round  elbows  (aspect  ratio  Y/X  m  1)  ;>nd  for  Reynolds  psaribsr  t*»-  «  „  abot  i  ).GU 


F*r  *n  a-spebt  r-r.  '  • 

■  -• 
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factor  taken  from  Fig. 

1  s  to  be  uS'  id 

with  Curves  1,  2,  and 
used  with  Curves  I;  and 

3  pipe'1  is.  tc  be 

WADC  TR  313 


PIPE  SQUARE  PIPE 

FIG.  2-4  TOTAL-PRESSURE-LOSS  COEFFICIENTS 

FOR  ELBOWS 

22 


Yi'ADC  TR  51i-313 


FIG.  2-5  ASPECT-RATIO  CORRECTION 
FACTOR  TO  BE  USED  WITH 
VALUES  FROM  FIG.  2-4 
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FIG.  2-6  PRESSURE-LOSS  COEFFICIENTS 
OF  RECTANGULAR  ELBOWS 
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FI 6.  2-9  ANGLE  FACTOR  OF  TOTAL-PRESSURE  LOSS 
IN  ACUTE  AND  OBLIQUE  ELBOWS 
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FIG.  2-11  RECTANGULAR  COMPOUND  BENDS 


NRa  -300,000 

BENDS  WITHOUT 
SPACER 


Nr#  -600,000 

BENDS  WITHOUT 
SPACER 


NRe  -600,000 

BENDS  WITH  5  FT 
SPACER 

0.6  .8  1.0  2  3  4  5  6  7 

ASPECT  RATIO  $ 

FIG.  2-12  TOTAL- PRESSURE -LOSS  COEFFICIENTS 
FOR  COMPOUND  RECTANGULAR  U,  Z, 
AND  90®  OFFSET  BENDS 

,VA  DC  Tit  5ll-313  3° 


Figure  2-6  shows  tha  coefficient  of  pressure  drop  in  rectangular 
bands  of  radius  ratios  B/Y  =  2/3,  5/3)  1»  b/3,  with  or  without  pipe. 

For  values  of  Reynolds  numbers  up  to  600,000  the  pressure-loss 
coefficient  may  be  obtained  from  Fig.  2-7  for  rectangular  cross  section 
and  from  Fig.  2-8  for  elliptical  cross  section. 

For  circular  bends  other  than  90*,  the  pressure  loss  coefficient 
must  be  multiplied  by  a  correction  factor  obtained  from  Fig.  2-9. 

The  pre33ure-los,s  coefficient  .for  mitered  elbows  of  circular  and 
rectangular  profile  is  shewn  in  Fig.  2-10. 

The  pressure-loss  coefficients  of  the.;  compound  bends  illustrated 
in  Fig,  2-11  are  presented  in  Fig.  2-12. 

Additional  information  on  pressure  loss  of  bends  may  be  found 
in  Ref.  2,  8Ii,  93s  and  131. 

2-k  Improvement  of  Bend  Efficiency 

In  practice  it  is  not  always  possible  to  design  a  corner  with  radius 
and  aspect  ratios  to  give  small  pressure  loss.  When  this  happens',  improve¬ 
ments  may  be  made  by  partitioning  with  a  sufficient  number  of  guide  sur¬ 
faces,  vanes,  so  that  each  compartment  has  a  high  aspect  ratio,  or  a 
good  radius  ratio,  depending  upon  what  is  needed.  However,  the  increase 
of  frictional  losses  limits  the  improvement  of  the  turn  by  this  method. 
According  to  Wirt  (Ref.  132)  the  loss  of  a  90*  turn  improved  in  this  way 
may  bo  as  low  as  20  or  30  par  cent  of  the  dynamic  pressure. 


2-lwl  Circular  Sheet-Metal  Vanes 

Figure  2-13  is  a  diagram  illustrating  the  application  of  circular 
arc  vanes  to  a  bend  (Ref.  59).  The  spacing  and  radii  of  the  vanes  are  uni¬ 
form,  With  reference  to  the  nomenclature  in  Fig.  2-13  the  number  of  vanes 
required  is 


*1 

T-1 


(2-6) 
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where  L  =  2r  sin  (p/2)  and  is  the  lift  coefficient-  of  the  vanes. 

It  was  suggested  in  Ref.  59  that  for  thin  vanes  installed  in  a  $0*  bend, 
a  lift  coefficient  of  0.8  will  give  approximately  the  minimum  losses 
and  a  satisfactory  velocity  distribution.  A  small  amount  of  experimental 
evidence  indicates  that  the  value  0.8  will  apply  to  bends  other  than  .90®. 
Kroeber  (Ref.  77)  found  that  f„ .r  a  90*  bend  the  angle  of  attack  ct  should 
be  US* ,  or  3*  more  than  the  half  angle  of  the  90*  bend.  Henry  suggests  that 
in  a  bend  of  angles  other  than  90*  the  amount  by  which  the  angle  of  attack 
should  exceed  half  the  amount  of  the  bend  may  be  taken  as  the  proportional 
part  of  the  3*«  For  example,  for  a  1)5*  bend,  an  angle  of  attack  of  2li“ 
would  be  obtained. 

For  a  90*  bend  with  inlet  and  outlet  area  the  same  in  size  and 
shape,  Eq.  2-6  may  be  simplified  to 

*  =  f  4-  ~  1  (2-7) 

,  L  r  ' 

where  r  denotes  the  arithmetic  mean  radius  of  the  inside  and  outst.de  walls 
of  the  bend.  If  =  0.8,  •••■* 

n  =  it$  JL.  _  l  (2-6) 

r 

2—U. 2  Thin  Vanes  of  Non-Circular  Profile 

Figure  2— lU  and  Table  2-1,  taken  from  Ref.  99,  show  the  contours 
of  thin  vanes  of  non-circular  profiles,  which  may  be  used  in  bends  of  uni¬ 
form  cross  section.  Their  theoretical  development  is  due  to  KroebeX*  (Ref. 
77)*  The  performance  of  these  vanes  is  shown  in  Fig.  2-15.  The  required 
number  of  vanes  can  be  found  directly  from  the  chord  length  and  the.  gap-to- 
chord  ratio  of  Fig,  2-15.  Vanes  with  large  chord  lengths  should  be  used 
in  preference  to  those  with  small  chord  lengths. 

2-k*3  Ihick  Vanes 

Although  it  is  expected  that  thick  vanes  would  not  be  employed 
for  the  present  application,  some  performance  data  are  presented  for  com¬ 
parison  with  sheet-metal-vane  performance.  The  performances  of  thick  vanes 
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TABLE  2-1 


ORDINATES  FOR  iffiQEBER  THIN- VANE  PROFILES 


Vl 

90e  bend 

60*  bend 

1*5*  bend 

30*  bend 

0,00 

o;ooo 

0.000 

0.000 

0.000 

0.05 

0.08? 

0.01*1 

— 

0,10 

0.151* 

0.071* 

0.01*1* 

0.031 

0.15 

0.200 

0.1C0 

0.20 

0.236 

0.121* 

o.o?5 

0.051 

0.25 

0.262 

0.11*0 

- — 

— 

0.30 

0.277 

0.153 

0.091* 

0.067 

0.35 

0.281* 

0.161 

— — 

0.1*0 

0.281* 

0.166 

0.105 

0.071 

0.15 

0.283 

0.168 

—  ’ 

— 

0.50 

0.273 

0.161* 

0.103 

0.071 

0.55 

0.260 

0.157 

' -  . 

0.60 

0.2l*2 

'  0.151 

0.091* 

0.067 

0.65 

0.219 

0.11*2 

■ — . — 

■  — — . 

0.70 

0.192 

0.129 

0.078 

0.055 

0,75 

0,167 

0.111 

— 

0.80 

0.137 

0.096 

0.058 

0.0ii3 

0,85 

0.101* 

O 

• 

O 

IN> 

— 

— — 

0.90 

0.071 

0.01*8 

0.030 

0.021* 

0.95 

0.037 

0.026 

-  . 

1,00 

0.000 

0.000 

0.000 

0.000 
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FIG.  2-15  THIN-VANE  CHARACTERISTICS 


TOTAL- PRESSURE-LOSS  COEFFICIENT  K, 
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TOTAL- PRESSURE-LOSS  COEFFIC5ENT  K 


ANGLE  OF  ATTACK  a 


FIG.  2-17  VARIATION  OF  THE  PRESSURE- 
LOSS  COEFFICIENT  WITH  ANGLE 
OF  ATTACK  OF  A  THICK  VANE 
IN  90-DEGREE  BEND 
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and  circular  arc  sheet-metal  vanes  are  shown  in  Fig.  2-16.  The  profile  of 
Vane  No.  1  is  a  circular  arc  with  radius  2L/3  joined  tangentially  to  two 
straight  lines  inclined  at  I4?*  to  the  chord.  The  profile  of  Vane  Mo.  2  is 
the  arc  of  a  quarter-circle  (radius  L/  \/2) .  Vane  Mo.  3  has  a  thick  pro¬ 
file  resembling  the  shape  used  in  a  wind  tunnel.  The  maximum  thickness  is 
near  the  center  of  the  chord.  The  profile  of  Vane  Mo.  h  is  a  modification 
of  a  foreshortened  RAF  30  section  arranged  along  a  circular  arc,  the  maxi¬ 
mum  thickness  being  located  about  one-third  the  chord  length  from  the  lead¬ 
ing  edge.  The  profiles  of  Vanes  Mo.  3  and  h  are  given  in  Ref.  75.  Experi¬ 
ments  show  that  the. most  uniform  velocity  distribution  is  obtained  with 
Vnnes  No.  2  and  3. 

With  regard  to  the  coefficient  K^,  the  graph  of  Fig.  2-16  shows 
that  the  minimum  value  is  obtained  for  definite  gap-to-chord  ratio.  Further 
it  appears  that  the  difference  between  values  of  K  for  the  thin  and  thick 
vanes  is  not  appreciable  . 

The  graph  of  Fig.  2-16  is  plotted  for  the.  angle  of  attack  at  ts  US'1 
In  Fig.  2-17  the  influence  of  the  angle  of  attack  is  shown;  the  optimum 
angle  is  about  I18*.  The  same  value  was  found  for  thin  circular-arc  vanes. 
Clearly,  small  variational  from  the  optimum  angle  have  small  influence  on 
the  pressure  losses. of  the  thick  vanes.  For  these  vanes  values  of  from 
C.9  to  1.0  may  be  used  in  £q.  2-7  to  determine  the  number  of  vanes. 

2-5  Internal  Inlets 

An  internal  inlet  taps  air  from  a  chamber  in  which  the  air  is  essenti¬ 
ally  stagnant.  Figure  2-18  shows  pressure  losses  for  a  few  such  inlets. 

It  may  be  seen  that  flared  types  have  low  pressure-loss  coefficients.  The 
lowest  pressure-loss  coefficient  was  obtained  using  a  lemniscate  for  the 
inlet  profile. 

2-6  External  Air  Intake  Scoops 

An  external  inlet  take3  air  aboard  from;  the  flow  outside.  It  is  a  nor¬ 
mal  requirement  of  such  a  duct  intake  that  it  recover  practically  the  entire 
total  pressure  corresponding  to  the  flight  speed  of  the  airplane.  The 


FIG.  2-18  TOTAL-PRESSURE- LOSS  COEFFICIENTS 
FOR  INTERNAL  INLETS 
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influence  of  the  boundary  layer,  velocity  ratio,  and  angle  of  attack  on- 
total-pressure  distribution  at  the  scoop  entrance  may  be  seen  on  Fig.  2-1?. 

The  shape  of  the  scoop  inlets  was  nearly  rectangular  with  well  rounded 
corners.  The  profile  coordinates  of  the  scoops  may  be  found  in  Ref.  6. 

Scoops  a,  b,  and  c  and  Scoops  d,  e,  and  f  were  mounted  at  distances  from 
the  nose  equal  to  9.5  per  cent  and  37  per  cent  fuselage  length,  respectively. 

Scoops  d,  e,  and  'f.  were  similar  except  for  the  method  used  to  sepa¬ 
rate  the  boundary-layer  air  from  the  inlet  air.  The  boundary  layer  approach¬ 
ing  Scoop  d  was  bypassed  under  a  screen  and  taken  into  the  scoop  with  the 
rest  of  the  air.  Scoop  e  was  entirely  outside  the  layer,  and  provisions 
wore  made  to  divert  the  boundary  layer  around  the  scoop.  In  order  to  pre¬ 
vent  any  spillage  of  boundary,  layer  into  Scoop  f ,  a  metal  sheet  of  length 
equal  to  the  height  of  the  inlet  was  extended  forward  of  the  scoop. 

Employing  a  few  empirical  principles  as  a  guide,  the  designer  can  de¬ 
vise  a  scoop  whose  performance  is  satisfactory  for  the,  present  application.;! 
The  performance  should  finally  be  checked  by  tests.  Dearborn  and  Silver- 
stein  (Ref.  3k)  suggest  some  of  the  following  rules  for  the  design  of  effici¬ 
ent  scoops.- 

2-6.1  Scoop  Location 

It  may  happen  that  the  scoop  is  in  a  region  where  the  boundary 
layer  is  thick.  Since  the  mean  dynamic  pressure  of  the  boundary  layer  is 
smaller  than  the  dynamic  pressure  of  the  air  at  the  outer  edge  of  the 
boundary  layer,  the  performance  can  be  improved  by  placing  the  scoop  above 
the  boundary  layer.  Assuming  that  the  mounting  surface  of  the  scoop  can 
be  considered  as  a  flat  plate,  the  boundary-layer  thickness  on  a  flat  plate 
may  bs  used  as  a  guide  for  determining  the  distance  between  the  mounting 
surface  and  the  lowec  edge  of  the  scoop  inlet.  Thus.,  if  the  flow  is  turbu¬ 
lent,  the  height  would  be 


where  s  is  the  profile  distance  from  the  forward  stagnation  point  to  the 
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FIG.  2-19  DISTRIBUTION  OF  TOTAL  PRESSURE  IN  SCOOP 
ENTRANCES 


scoop  inlet,  and  is  the  velocity  which  would  occur  at  the  outer  edge 
of  the  boundary  layer  if  the  scoop  irere  not  there. 

2-6.2  Scoop  Area 

The  scoop  entrance  area  should  be  designed  for  air  inlet  velocity 
Of  0.5  of  0.6  of  the  free  streaa  velocity.  It  may  be  assumed  that  the 
total  pressure  at  the  scoop  entrance  is  free  stream  static  plus  0.9  free 
stream  dynamic  pressure.  Employing  these  factors  in  conjunction  with  a 
given  rate  of  flow  through  the  intake,  the  designer  can  calculate  the 
area  of  the  entrance  and  the  static  pressure  at  the  entrance. 

2-6.3  Scoop  Shape 

The  shape  of  the  lips  should  be  similar  to  an  airfoil  shape.  A 
sharp-edge  scoop  should  not  be  used. 

The  afterbody  behind  the  maximum  scoop  section  must  bo  -well  shaped 
and  sufficiently  long  to  avoid  flew  separation.  Four  times  the  scoop  height 
should  generally  suffice. 

For  air  intakes  other  than  scoops  Ref.  33  and  78  may  be  consulted. 

2-7  Sudden  Contraction  and  Expansion 

When  a  sudden  enlargement  of  the  flow  passage  occurs  (no  diffuser), 
the  kinetic  energy  of  the  fluid  in  the  small  conduit  is  not  fully  recovered? 
the  losses  sre  called  expansion  losses* 

When  a  stream  flows  from,  a  large  conduit  through  a  sharp-edge  entrance 
into  a  small  conduit,  large  losses  may  occur  on  account  of  separation  and 
subsequent  incomplete  recovery.  These  losses  are  called  contraction  losses. 
If  the  entrance  is  round,  the  separation  may  not  occur?  the  losses  would  be 
mainly  frictional  and  could  be  neglected  with  respect  to  other  losses  in 
the  system. 

In  both  cases  the  drop  of  the  total  pressure  is  obtained  by  multiplying 
the  dynamic  pressure  in  the  smaller  duct  by  the  corresponding  loss  coeffici¬ 
ent.  Total-pressure-loss  coefficients  K  and  K  for  contraction  and 
r  c  ex 
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expansion,  are  shown  in  the  graphs  of  Fig.  2-20  and  -21,  respectively.  The 

values  of  K.  are  theoretical  (Ref.  ii6).  The  values  of  K  are  expert.- 
&X.  c 

mental  (Ref.  37) j  results  of  several  investigators  (Ref.  58  and  88)  fall 
belovr  the  values  presented  in  Fig.  2-20  as  much  as  25  per  cent  in  some  in¬ 
stances. 


2-8  Diffusers 

The  purpose  of  a  diffuser  is  to  transform  kinet.V  energy  into  pressure 
when  the  air  flows  from  a  duct  of  small  cross-sectional  area  to  a  region 
of  large  cross  section.  Theoretically,  we  could  immediately  predict  the 
increase  in  pressure  using  Bernoulli's  equation.  However,  the  transition 
introduces  losses  due  to  wall  separation,  eddying  motions,  and  friction. 

The  losses  of  a  long  diffuser  of  gentle  taper  are  mainly  due  to  friction. 

In  a  short  diffuser  the  walls  may  be  so  divergent  that  the  conditions  of 
a  sudden  expansion  (Section  2-7)  are  approached.  In  practice  an  intermediate 
configuration  is  needed. 


The  pressure  drop  of  a  diffuser  depends  upon  the  angle  of  expansion, 
the  inlet  and  discharge  lengths,  and  the  area  ratio.  The  characteristics 
of  some  diffusers  are  summarized  in  the  following  sections. 

Assuming  ah  incompressible  flow  and  uniform  velocity  distribution  over 
the  cross  section,  the  pressure'  drop  of  a  diffuser  may  be  obtained  from  the 
following  equation: 


Thus,  the  total-pressure  loss  is  expressed  as  a  fraction  of  a  dynamic  pres¬ 
sure  based  on  the  difference  between  the  inlet  and  outlet  velocities.  The 
total-pressure-loss-coefficient  factor  C  used  in  Eq.  2-10  is  shown  in  the 
graphs  of  Fig.  2-22  and  -23,  which  were  obtained  from  Ref,  Ii6. 


2-8.1  Influence  of  the  Angle  of  Expansion 

It  may  be  observed  from  Fig.  2-22  that  the  angle  of  expansion  for 
least  loss  falls  in  the  range  6*  to  8*  for  a  conical  diffuser,  6*  for  a 
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TOTAL- PRESSURE- LOSS  COEFFICIENT 


FIG.  2-20  TOTAL-PRESSURE- LOSS  COEFFICIENT  FOR 
SUDDEN  SHARP-EDGE  CONTRACTION 
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TOTAL-  PRE  S3URE-  LOSS  C  ©EFFICIENT 


FIG.  2-21  TOTAL- PRESSURE-LOSS  COEFFICIENT 
FOR  SUDDEN  SHARP-EDGE  EXPANSION 
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ANGLE  OF  EXPANSION  2© 

FIG  2-22  TOTAL-PRESSURE-LOSS- COEFFICIENT  FACTOR  C 
FOR  STRAIGHT-WALL  DIFFUSERS 
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CIRCULAR  DIFFUSERS 


diffuser  with  a  square  section  throughout,  and  11°  for  a  rectangular  dif¬ 
fuser  with  one  pair  of  walls  diverging  and  one  pair  parallel.  For  angles 
greater  than  11*,  the  pressure  loss  of  a  rectangular  diffuser  (two  walls 
diverging)  is  considerably  less  than  that  of  a  square  diffuser  (four  walla 
diverging ) . 


In  the  range  of  the  angle  of  expansion  from  0*  to  2k* >  the  fac¬ 
tor  C  is  virtually  independent  of  the  ratio  of  the  outlet  area  to  the 
inlet  area  (A^/A^) •  Figure  2-23  shows  how  the  area  ratio  affects  conical 
diffusers  of  area  ratio  lj  and  9.  The  factor  .  C  reaches  a  maximum  value 
in  the  range  from  60*  to  70*  and  then  gradually  falls  to  the  value  of  1.0 
corresponding  to  an  abrupt  expansion  loss  to  an  infinitely  large  area 
(cf.  Fig.  2-21).  Obviously,  small  angles  of  expansion  are  desirable  from 
the  viewpoint  of  good  design. 

2-0.2  Influences  of  Inlets  and  Exits 

The  length  of  straight  duct  preceding  the  diffuser  influences  the 
velocity  distribution  at  the  Inlet.  The  diffuser  efficiency^  decreases  as 
the  inlet  length  increases  because  the  boundary-layer  thickness  at  the 
entrance  becomes  larger.  A  thick  boundary  layer  (due  to  a  long  inlet 
duct)  will  decrease  the  efficiency  of  the  diffuser  by  about  ?  per  cent  in 
the  range  of  29  between  5  and  30  degrees.  Hence,  the  diffuser 
should  be  placed  into  the  system  as  far  upstream  as  possible .  This  also 
has  the  advantage  of  decreasing  the  duct  losses. 

The  discharge  length  following  the  diffuser  improves  the  effici¬ 
ency.  According  to  Ref.  105,  if  a  short  length  of  duct  precedes  the  dif¬ 
fuser  the  discharge  length  should  be  about  four  times  the  maximum  width 
or  diameter  of  the  diffuser.  If  a  long  diict  is  ahead  of  the  diffuser,  the 
discharge  length  should  be  about  six  times  the  maximum  width. 


xhe  diffuser  efficiency  is  the  ratio  of  the  static  pressure  increase 
to  the  change  of  dynamic  pressure. 
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In  practice  the  length  of  the  diffuser  is  often  determined  by 
the  amount  of  space  available.  Therefore,  -when  a  large  change  of  area 
must  occur  in  a  short  distance  some  compromise  must  be  reached  and  the 
data  presented  above  can  be  only  a  guide  to  the  loss  in  the  configuration 
finally  selected.  One  such  compromise  is  to  diffuse  the  air  partially  and 
to  follow  the  diffuser  with  an  abrupt  expansion  (Ref.  lit). 


Another  method  is  to  use  a  curved  wall  diffuser.  The  profile  of 
a  curved  diffuser  is  shown  in  Fig.  2-2ii,  Reference  59  gives  the  follovdng 
equation  for  the  coordinates  of  this  profile  i 


The  total-pressure-loss-coefficient  factor  C  of  this  diffuser  also  is 
given  in  Fig,  2-‘-2ii.  Experiments  performed  by  Gibson  (Ref.  it6)  lead  to  the 
conclusion  that  the  diffuser  can  be  improved  most  affectively  by  curving 
the  walls  in  the  range  of  2  ®0  from  15  to  30*. 


2-0. It  Design  of  Non-Circular  Diffusers 

;  A  few  data  for  non-circular  diffusers  are  discussed  in  Section. 
2-8.1,  Where  those  data  are  not  applicable.  Ref,  59  suggests  the' use  of 
a  so-called  "equivalent  conical  diffuser"  ,;which  is  a  diffuser  of  circular 
cross  section  having  the  length  and  the  inlet  and  outlet  areas  equal  to 
those  of  the  non-circular  diffuser.  Berry  (Ref.  lit)  suggests  a  similar 
method  of  treatment.  j 


2-9  Orifices  ■  ,  , 

The  distribution  of  air  flow  in  double- skin  passages  is  often  con¬ 
trolled  by  providing  suitable  outlet  orifices  at  the  end  of  the  passages. 
Reference  37  gives  the  following  expression  to  obtain  the  diameter  of  an 
orifice  at  the  end  of  a  tube  for  a  required  static-pressure  loss  and  a 
known  weight  rate  of  air  flows 
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EQUIVALENT  CONICAL  ANGLE  OF  EXPANSION  2© 

FIG.  2-24  TQTAL-PRESSURE-LOSS-COEFFICSENT 

FACTOR  C  FOR  CURVED  WALL  CONICAL 
DIFFUSER 
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(2-12) 


where  KQ  Is  the  coefficient  of  discharge  shown  in  Table  2-2;  and 

are  the  areas  of  th6  double-skin  cross  section  and  of  the  orifice,  respec¬ 
tively;  [w]  =  Ib/hr,  fyj  a  lb/ft’;  =  in. -water;  and  [AJ  =  ft2.  For 
convenience  of  calculation,  the  left-hand  member  of  Eq.  2-12  is  presented 
as  a  function  of  Ag/A^  in  Table  2-2. 


2-10  Exit  Openings 

The  pressure  loss  of  an  outlet  to  the  atmosphere  depends  upon  the  con¬ 
figuration'  of  the  system,  the  position  of  the  outlet  relative  to  other  plane 
components,  and  the  velocity  of  the  free  stream  outside  of  the  exit.  The 
main  consideration  in  design  of  an  air  outlet  should  be  given  to  the  preven¬ 
tion  of  flow  separation  outside  of  the  outlet.  Becker  (Ref.  9)  suggests 
that  the  desired  conditions  for  any  outlet  location  are  obtained  by  making 
the  streamlines  of  both  internal  and  external  flew  parallel.  Under  this 
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circumstance  it  may  be  assumed  that  the3tatie  pressure  at  the  outlet  is 
equal  to  the  free  stream  pressure  near  the  outlet. 


Results  of  experiments  on  several  exits  are  presented  in  Ref.  109. 

The  tests  were  performed  with  main  stream  velocities  of  liO  and  80  miles 
per  hour,  and  the  correlations  of  the  pressure  losses  were  virtually  inde¬ 
pendent  of  these  velocities.  Rogallo's  graphs  present  Pg/(^  ^  as  a 
function  of  the  dimensionless  discharge  ratio  Q/(A  U  ).  The  ordinates 
in  the  graphs  of  Fig.  2-2$,  -26,  and  -27  are  related  to  Rogallo's  ordinates 
by  the  equation, 


AH 


HB-Hc 


_B_ 


?ev  ?ro  ,?? 

All  static  pressures  arc  referred  to 


(*t)2- 


(2-13) 


lp»  1 0 

pressure  of  the  free  stream  As  Hq  =  ^  ^U‘.  Subscript 


as  datum.  Thus,  the  total 
B  refers  to  the 

position  B  in  Fig.  2-27  and  to  the  plenums  in  Fig.  2-20  and  -26. 


The  reader  may  consult  Ref.  109  for  other  types  of  outlets. 


2-11  Branching  Ducts 

Henry  (Ref.  09)  presents  the  sketch  of  the  branched  duct  shown  in 
Fig.  2-28  and  remarks  that  it  illustrates  the  application  of  principles 
of  good,  design.  It  shows  the  division  of  the  main  stream,  the  diversion 
of'  one  3tream,  and  the  subdivision  of  the  diverted  stream.  The  dividers 
have  a  blunt-noss  airfoil  shape  as,  for  example,  the  shape  of  the  NACA  0021 
airfoil.  To  attain  best  performance  of  a  divider,  according  to  the  author, 
the  direction  of  the  flow  should  be  normal  to  the  entrances  of  branching 
ducts.  Further,  he  recommends  that  the  cross-sectional  areas  of  the 
branches  be  proportioned  as  "nearly  as  possible  to  the  rates' of  flow. 


Vawoonyi  (Ref.  128),  combining  analytical  and  experimental  results* 
ha3  correlated  in  s  general  way  the  pressure  drop  for  the  case  of  a  duct 
branching  into  two  ducts  as  shown  in  Fig.  2-29  and  for  the  case  of  two 
ducts  uniting  into  one  duct  as  indicated  in  Fig.  2-00, 
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2.25 


FOR  EXTERNAL  FLAP  OUTLET  IN 
A  FLAT  PLATE 
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FIG.  2“26  TOTAL-PRESSURE  -  LOSS  COEFFICIENTS 
FOR  FAIRED  OUTLET  IN  AN 
NACA  0018  WING 
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FIG.  2-2?  TOTAL- PRESSURE- LOSS  COEFFICIENTS 


FOR  A  FLUSH  CIRCULAR  DUCT  OUTLET 
IN  A  FLAT  PLATE  WITH  AND  WITHOUT 
A  HOOD 


PER-CENT  CHORD 


PER-CENT  CHORD 


FIG.  2-28  DESIGN  OF  A  BRANCHED  DUCT  (DIVIDER 
PROFILE  NACA  0021  NOSE  SECTION) 


FIG,  2-29  STRAIGHT  DUCT  BRANCHING  INTO 
:  TWO  DUCTS 


2-11 , 1  Pact  branching  into  Two  Ducts 

The  total~prc!3 sure-less  coefficient  may  be  expressed  by 

H  _  IT  y  2  y 

T"~r  =  'X1  +  (2X?  “  Xl)(r}  -  2  A2  (cos  a (2-110 
2 (®o  0  0 

I  !■ 

where  the  velocities  are  defined  in  Fig.  2-29  and  a  modified  angle  of 

deflection,  is  a  function  of  the  geometric  angle  of  deflection  ct, .  The 

»  1 
quantities  Ap  )^,  and  cc^  are  shown  in  Fig.  2-31  and  -32  as  functions 

of  the  angle  at. 

■  To  facilitate  the  calculations,  the  right-hand  member  of  Eq.  2-li* 
maybe  regarded  as  a  function  of  a  and  U-j/U  .  The  pressure-loss  may  then 
be  obtained  from 

.  "  .  v  Ho  -  %  -  “b  •  I W 

where  Ky  is  given  in  Fig.  2-3U. 

Branch  No.  2  may  be  treated  in  the  same  way. 

2-11,2  Two  Ducts  uniting  into  One  Duct  ? 

In  this  case,  the  relationship  between  pressure  loss,  fluid 
velocities,  and  duct  geometry  can  be  represented  by  the  following  bquation.1 

H0  ®  I  f  [x3ui  +  uo  - r  {Aiui co®  +  a2u2  cos  V*]  (2“l6) 

Tha  meaning  of  the  symbols  is  shown  in  Fig.  2-30,  the  primed  quantities 
representing  modified  angles  of  deflection;  p  ,  .5  ,  and  A^  can  be  ob¬ 

tained  from  Fig.  2-32  and  -33  for  known  values  of  p  ar.d  5.  '  If  Qo]  = 
slug/ft ^  and  Qj]  =  ft/see,  then  £p(]  =  lb/ft2. 

For  specific  experimental  information  about  pressure  losses  in 
various  90*  and  h5*  joints  and  for  some  discussion  of  V'azsonyi's  work,  the 
reader  may  consult  Ref.  76. 
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FIG.  2-31  X,  AND  Xz  AS  FUNCTION  OF  DEFLECTION 
ANGLE  a 


FUNCTION  OF  DEFLECTION  ANGLE 


FIG.  2-33  X3  AS  FUNCTION  OF  DEFLECTION 
ANGLE  P 
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FIG.  2-34  TOTAL-  PRESSURE-LOSS  COEFFICIENT 
FOR  DIVIDING  FLOW  IN  BRANCHED 
DUCTS 
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2-12  Pressure  Drop  for  Compressible  Flow 

.In  thin  airfoils  used  for  high-speed  flight,  the  air  conduits  are 
made  small  and  in  high-pressure  systems  velocities  of  the  air  in  the  ducts 
may  rise  to  values  which  require  that  the  air  flow  in  the  ducts  be  con¬ 
sidered  compressible  instead  of  incompressible. 


2-12.1  Parametric  Representation 

To  facilitate  the  evaluation  of  pressure  losses  for  compressible 
flow,  a  parametric  representation  is  introduced  in  the  manner  given  by 
McOann  (Ref.  92).  It  is  assumed  that  the  system  is  one-dimensional  and 
adiabatic.  A  total  absolute  temperature  at  the  cross  section  1  is  defined. 


Ttot  “  Ti  + 


(2-17) 


where  JYj  =  *It.  Tu]  =  ft/aec,  J  =  778  ft  lb/B,  c  =  0.2U  B/lb  F,  and 
g  =  32.17  ft/sec  .  Because  th6  flow  is  adiabatic,  the  total  temperature 
is  constant.  Introducing  a  Mach  number, 


M  =  U/a  =  U(  KgRT)"10*^ 


(2-18) 


with  vc  =  cp/cy  and  R  =  53*3  ft/F,  it  may  be  shown  that 


- 1  +  a  B 


(2-19) 


Also,  after  some  calculations, 


B  +  £ 


+  1  .  M2  _  ®1  „  It  +  1  r'l  „  L 


M 


In 


tt*r  2  vc 


r  - f  i 


kMj  2  n  "1 


Defining 


(2-20) 


^  *  *  1  lnM“ 


a  -it*  + 


2  vc 


(2-" 


we  obtain  from  Eq.  2-20 


*  S,1  '  T 


(2-2?) 
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where  Cy  ^  represents  an  upstream  condition  and  Cy  a  downstream  con¬ 
dition  .  It  may  bo  observed  that  Cy  and  Gy  ^  depend  upon  the  respective 
values  of  the  Mach  number. 

The  equation  for  the  rate  of  flow  of  air  can  be  represented  by 

w  =  0.9192  A  H  T^5'X  (2-23) 

2 

where  A  is  the  cross-sectional  area  of  the  duct,  ft  j  H  is  the  total 

O 

pressure,  lb/ft  j  and 


i  .  X  =  4  (2-2  li) 

B-3 

is  a  dimensionless  parameter  computed  using  it  =  1.1*.  To  calculate  the 
rate  of  flow  the  following  parameters  are  introduced: 


(2-25) 


2-12 • 2  . Calculation  of  the  Pressure  and  Temperature  Mstributiona  In  a 

Given  Duct  with  Known  Initial  Conditions 

Consider  two  cross  sections  1  and  2  of  a  duct  with  known  geo¬ 
metry  and  sizes.  Station  1  is  an  upstream  cross  section  where  the  static 
pressure,  static  temperature,  and  Mach  number  are  known. ^  Station  2  is 

^For  known  static  temperature  and  velocity  the  Mach  number  can  be 
found  using  the  graph  of  Fig.  A-2. 
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an  arbitrary  cross  section  downstream.  We  would  like  to  determine  the  static 
pressure,  static  temperature,  and  the  Mach  number  at  Station  2.  A  stepwise 
procedure  for  performing  the  calculations  is  presented  below.  In  Steps  1 
through  5  it  is  assumed  that  the  discharges  through  both  cross  sections  are 
equal}  that  is,  the  duct  is  uniform  and  no  branching  occurs. 


Step  1.  Obtain  from  Fig.  2-35  and  -36  the  values  of  X^,  (P^p)^,  and 

<W*>1-  '^en  calculate  H..  Observe  that  Ttot>1  =  T^g! 


Step  2.  Estimate  the  sum  of  the  pressure-loss  coefficients  including  the 
friction  losses.  This  sum  will  be  of  the  form. 


XK  +  HirSKi,2  <2-28> 


Step  3.  Calculate  C^g  in  the  manner  suggested  by  Eq.  2-22,  namely, 


Si, 2  3  St,i  **  *1,2 

Step  U.  UBlng  the  value  of  Cjjg  from  Step  3,'  find  Mg  and  Ag  from 
Fig.  2-35. 


Step  5.  With  this  value  of  X2  calculate  Hg  by  means  of  the  following 
equation,  which  is  a  general  relationship}  J 


(2-29) 


Step  6.  If  the  cross-sectional  areas  of  Stations  1  and  2  differ,  the 
following  adjustment  must  be  made:  The  velues  of  g  and  Mg,  found 
in  Steps  3  ahd  li  should  now  be  regarded  as  fictitious}  however,  they  are 
still  useful  and,  in  fact,  the'  total  pressure  is  not  changed  frq.n 
the  Value  given  by  Eq.  2-29.  The  true  value  Ag  is  obtained  by  the 
relationship , 


(2-30) 


where  A  denotes  the  cross-sectional  area.  Returning  to  Fig.  2-35  with 
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FIG.  2-35  PARAMETER  CM  AND  X  AS  FUNCTION 
OF  MACH  NUMBER 
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2.0 


I  1  I 

X 2 ji  we  obtain  the  true  value  of  the  Mach  number.  Also,  g  can  be  found 
for  use  in  calculations  on  the  distribution  between  Stations  2  and  3* 

Step  7»  With  M^,,  enter  Fig.  2-36  and  obtain  the  ratios  (H/p)g  and 

<Tw/T)2- 

Step  8.  Calculate  the  static  pressure  and  static  temperature  from  the 
results  of  Steps  1,  5*  and  7. 

Step  9.  The  discharge  w  may  be  conveniently  calculated  by  means  of 
Eq.  2-23  as  a  check  on  the  calculations.  Having  found  all  conditions  at 
Station  2,  the  same  procedure  may  be  repeated  to  arrive  at  the  conditions 
Of  Section  3,  and  so  forth. 

It  may  be  observed  that  the  assumption,  of  the  upstream  value  of 
the  Mach  number  determines  ell  other  downstream  conditions.  In  particular, 
the  ratio  H^/H.  is  determined.  By  several  assumptions  for  values  of 
a  graphical  representation  of  total-pressure  ratios  and  rates  of  flow  may 
be  obtained.  In  this  way  the  system  may  be  analyzed  in  all  details.  For 
example,  the  discharge  of  the  duct  system,  operating  in  conjunction  with  a 
compressor  of  known  performance  and  discharging  to  a  known  3tatic  pressure, 
can  be  determined. 

Figures  2-35  and  -36  have  been  obtained  from  the  tables  of  Ref,  92, 

which  may  be  consulted  if  greater  accuracy  is  desired.  The  author  remarks 

that  experimental  results  and  predictions  based  on  the  method  presented 
"  .  ■.  .i  .  ■  -  i  ~ 

are  in  good  agreement,  the  maximum  deviation  being  about  3  per  cent. 

Using  other  types  of  graphs,  Thomson  (Hef.;l23)  also  presented 
a  solution  of  this  problem.  The  methods  of  both  Ref.  92  and  Ref.  123  seem 
equally. satisfactory  from  the  viewpoint  of  computations. 


^"If  the  true  Mach  number  lies  below  0,3,  it  may  be  assumed  for  most 
practical  purposes  that  the  velocity  of  the  system  is  decreased  to  a  point 
where  the  flow  may  be  considered  as  incompressible. 
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2-13  Pressure  Drop  in  a  Duct  with  Heat  Transfer 

Where  heat  Is  being  transferred,  on  walls  of  a  duot  system,  the  air 
properties  may  change  considerably.  The  temperature  changes  affect  the 
density,  thus  causing  variations  of  dynamic  head  in  addition  to  the  usual 
variations  caused  by  non-uniform  cross  sections.  Further,  the  frictional 
and  fitting  losses,  which  depend  upon  the  dynamic  pressure  and  viscosity, 
also  are  altered  from  the  values  that  would  occur  if  there  were  no  heat 
transfer. 

An  approximative  method  to  calculate  the  pressure  distribution  in  a 
duct  with  heat  transfer  is  presented  by  Boelter,  Morrin,  Martinelli,  and 
Foppendiek  (Ref.  17)  and  Martinelli,  Weinberg,  Morrin,  and  Boelter  (Ref. 
90),  In'two  cases,  the  authors  find  differences  of  7  and  2?  per  cent 
between  experimental  and  predicted  pressure  drops.  These  differences  are 
allowable  for  most  practical  calculations.  A  summary  of  the  method  used 
by  the  authors  is  presented,  in  the  next  sections.  The  reader  is  also  re* 
ferred  to  Hall's  (Ref.  53)  chapter  on  diabatic  flow. 

2-13*1  Distribution  of  Total  Pressure  in  a  Duct  with  Heat  Transfer  and 
‘  with  Frictional  and  Fitting  Losses 
The  differential  of  the  total  pressure  for  ona-dimensional  flow3" 
is 

dH  =  dp  +  ^>U  »  dU  (2-31) 

If  there  were  no  losses,  this  quantity  would  be  zero,  Bernoulli's  equation 
would  be  obtained,  and  the  total  pressure  would  be. constant  along  the  duct. 
However,  when  losses  occur,  an  additional  tern  must  be  added  to  the  right 
member,  and  the  change  of  total  pressure  between  any  two  cross  sections. 
Stations  1  and  2,  is  found  by  integrating  dH  with  the  result  that 


^Velocities,  temperatures,  and  all  other  properties  of  the  fluid  are 
assumed  to  be  uniform  at  each  cross  section- 
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The  quantity  F.  „  represents  the  sum  of  all  frictional  and  fitting 
losses  between  Stations  1  and  2',  it  is  positive  and  its-  units  are 
lb/ft  .  Performing  the  integration  of  the  first  term,  replacing  the 
density  ^  in  sllug/ft^  in  terms  of  the  specific  volume  (p  •  gv  -  1),  and 
eliminating  the  velocity  from  £q.  2-32  and  the  equation  of  continuity,  the 
following  expression  for  the  drop  of  static  pressure  is  obtained: 


2  f2 

pi  -  p2  “  |  (3any>  J  7  *  d  (P  +  Fi, 


(2-33) 


Tlie  evaluation  of  each  term  in  the  right  member  is  considered  in  the  next 
two  sections. 


2-13.2  Evaluation  of  the  Losses  P. 


1*1 


The  sum  of  the  total-pressure  losses  g  will  be  found  by  ap¬ 
plying  a  correction  to  the  value  of  the  losses  in  the  duct  for  the  case 
that  the  flow  is  isothermal  and  incompressible. 

Letting  (F^  be  the  sum  of  the  losses  for  the  case  of  iso¬ 

thermal,  incompressible  flow  and  using  certain  simplifying  assumptions, 
Martinalli,  et  al  (Hef.  90)  ha^e  shown  that  i 


1.2 

^Fl,2  iso 


iso 


•'V'if1”’,”; 


2T. 


iso 


2v. 


iso 


The' isothermal  losses  are' of 'the  form, 

-Z  r,£*.±«P-! 


^l,2^iso 


2 

?  T 


(2-3h) 


(2-35) 


or. 


{F  )  iYf  U  + 

lFl,2'i30  EHT  r  IT  ^ 


(2-36) 


■Hie  temperature  TiaQ  is  arbitrary.  If  both  and  T,  are 
known,  then  the  choice  Fiso  equal  tu  their  arithmetic  mean  will  simplify 
the  calculation.  Usually,  Tg  is  unknown  but  can  be  estimated  from  the 
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heat  balance.  In  a  few  trials,  or  by  graphical  solution,  values  of  w  and 
can  he  found  to  satisfy  the  pressure-drop  and  the  heat-transfer  equations 

The  specific  volumes  in  Eq.  ?.-3h  can  be  calculated  using  corre¬ 
sponding  temperatures  and  pressures  by  means  of  the  relationship  of  state 


p  •  v  =  RT 


{2-31) 


Usually,  the  relative  changes  of  absolute  pressure  are  small,  and  in  a  first 
approximation,  the  pressure  may  be  assumed  uniform  at  the  value  p..  in 


order  to  calculate 


v2*  “ 


and  After  the  first  approximation  of 


Pg  has  been  found  the  calculation  may  be  ropeated  if  greater  accuracy  is 
desired. 


The  exponent  n  lies  between  1,75  and  2.00.  If  the  losses  are 
predominantly  frictional,  tho  exponent  lies  close  to  1.75  and  if  caused 
mainly  by  fittings  it  lies  near  2.00.  The  value  may  be  established  from 


a  bilogarithmic  plot  of 


^1,2^30  varsus 


"iso* 


The  points  can  be  found 


by  calculation, or,  if  possible,  by  experimentation.  Since  ^g0  is  arbi¬ 
trary,  it  will  be  convenient  for  types  of  calculation  in  which  w  is  known 
to  place  w.  =  wj  then  the  relationship  between  Ft  „  and 

ISO  ,1yd 

is  independent  of  n. 


(Fl,2^iso 


r2 1  v 

2-13*3  Evaluation  of  2  =  J  v  &luation  2.-33 

In  many  cases  the  first  term  in  the  right  number  of  Eq.  2-33  is 
small  compared  with  the  second  and  may  be  neglected.  In  other  cases  it  may¬ 
be,  evaluated  by  making  certain  simplifying  assumptions. 


.  For  example,  in  the  most  common  case,  namely,  isothermal  flow 
with  non-uniform  cross-s actional  area,  the  integral  becomes 


4) 


(2-38) 


If  the  temperature  difference  -  T^  is  small,  a  mean  specific 


volume  may  be  used  in  the  approximation, 
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(2-39) 


J1,2  «  5T  * 

m 


>v2f  /V1 

wJ 


2-1 


If  the  cross-sectional  area  is  uniform. 


J1  o  =  T  ^2  “  V 

’  A 


(2-itO) 


If  the  cross-sectional  area  is  nearly  uniform  a  mean  valuo  A, 
may  bo  used  in  the  approximation, 


m 


,  .1  /  7  2  V1 


(2-ljl) 


2-13, it  Pressure  Prop  across  a  Heat  Exchanger  in  a  Uniform  Duct 

Kays  (Ref.  70)  and  Kays  and  London  (Ref.  71)  have  presented 
numerous  data  for  heat  exchanger  cores.  The  cross-sectional  area  of  the 
duct  laading  to  the  Cores  is  equal  to  the  area  of  the  duct  leading 
away;  that  is,  the  front, al  area  is  uniform.  Summing  the  contraction, 
frictional,  and  expansion  losses,' assuming  that  the  change  of  pressure  is 
small  relatively  to  the  absolute  pressure,  and  simplifying,  the  change  of 
static  pressure  across  such  a  configuration  is 

>2, 


Pi 


•p2  51 


Wl 


+  £ 


(2-hZ) 


where  G  is  the  weight  rate  o,f  flow  per  unit  area  in  the  core  in  lb/sec  ft  ; 

D  is  the  equivalent  diameter  of  a  passageway  of  the  core  in  ft;  A  is  the 
©  $  C 

free-flow  cross-sectional  area  of  the  core  in  ft -j  and 


T  =  T  - 
ra  s 


T;-Ti 

V0cp 


In  Eq.  2-U 3  T  is  a  mean  surface  temperature  and  h7. 

s  ^  u 

coefficient  of  heat  transfer.1 


(2-U3) 


is  the  over-all 


^he  quantity  in  the  denominator  is  a  sort  of  Stanton  number.  Usually 
it  is  called  the  number  of  transfer  units,  and  in  many  places  is  found  im¬ 
properly  denoted  by  the  symbol  N7U. 
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Values  of  K  ,  Kex,  and  f  are  presented  for  particular  boat  ex- 
csh&nger  cores  in  Hef.  ?0  as  functions  of  A^/A^  and  a  Reynolds  number. 
However,  Eq„  2~k2  is  quite  general  and  could  bo  used  in  other  similar  cases 
if  the  values  of  the  coefficients  are  known.  In  particular,  it  is  believed 
that  this  equation  may  be  found  useful  for  double-skin  heat  exchangers 
(A2/A2  «®£l)  if  values  of  and  KQ  could  be  well  established. 


2— 111  Pipes  in  Series  and  Parallel 

Two  or  more  pipes  of  different  diameters  or  roughnesses  connected  so 
that  the  discharge  from  one  flows  into  another  are, said  to  be  in  series. 

Two  or  more  pipes  having  inlets  and  outlets  in  common  headers  or  plenums 
are  said  to  be  in.  parallel. '  ..Double-skin  passages  in  a  single  bay  may  be 
considered  as  parallel  passages.  But  two  groups  of  double-skin  passages 
at  different  span1, vise  positions  may  not  be  in  parallel  because  a  drop  of 

pressure  occurs  in  the  supply  duct  or  the  distribution  duct. 

’  "•  ■  .  .!!  •  _  •  .  .1 

In  pipes  connected  in  series  tho  same  fluid  flows  through  all  the 
pipes  arid  the  pressure  losses  are  cumulative;  in  parallel  arrangements  the 
losses  over  any  member  from  one  junction  to  another  are -equal,  and  the  dis¬ 
charges  are  cumulative. 

,  . "  ■  •  •  '  i 

In  dealing  with  combinations  of  systems  of  pipes  in  series  and  parallel 
or  inter-connected  systom3,  it.  is  often  convenient  to  reduce  complex  members 
of  the  system  to  equivalent  elemonte.  Some  methods  to  perform  such  simpli¬ 
fications  are  treated  in  the  next  two  sections. 


2-15  Equivalent  Length 

Losses  duo  to  fittings  are  sometimes1 conveniently  expressed  in  terms 
of  an  equivalent  length  Lg  of  a  pipe  that  has  equal  pressure  energy  loss 
for  the  same  weight  rate  of  flow  as  in  the  fittings,  impressing  the  fitting 
losses  as  a  percentage  of  the  kinetic  energy,  and  equating  them  to  the 
frictional  losses  of  a  pipe  of  length  L0, 


U2  La  k  U2 

1  •  2g  (  •  T  =  K  2b  r 


(2-hk) 
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where  K  is  the  sum  of  all  pressure-loss  coefficients  (except  those' of 
friction).  Solving  for  L  , 

Q 


T  KD  . 

Le  =  T 


(2-15) 


2-16  Pipes  in  Series 

A  complex  system  of  pipes  and  fittings  in  series  may  be  replaced  by  a 
so-called  "equivalent  pipe",  which  would  have  the  same  pressure  drop  and 
discharge  as  the  given  system.  In  some  cases  .it  is  advantageous  to  use 
Eq.  2-15  and  -Ij6.  Consider,  for  instance,  Pipes  1  and  2  (diameters  D-, 

Dg,  and  lengths  L^,  Lg)  connected  in  series.  The  sum  of  the  fitting  losses 
for  each  pipe  may  be  expressed  in  the  form  of  an  equivalent  length  L  . 
and  L  „  by  means  of  Eq.  2-15*  In  this  way  the  system  is  reduced  to  a 

I  ) 

series'1  of  two  pipes  of  adjusted  lengths  I^SLj  +  L0  ^  and  ^2  ~  ^2  +  2 

without  fitting  losses. 


Further  simplification  may. be  obtained  by  expressing,  for  example,  the 
adjusted  length  Lg  of  Pipe  2  in  terms  of  a  fictitious  length  of  Pipe  1. 
This  fictitious  length  having  the  same  discharge  and  pressure  drop  as 
Fipe  2  is 

■  r  r\  \  5 


L2,l  =  L2 


(2-i»6) 


and  of  diameter 


The  fictitious  pipe  of  total  length  +'l  ^  and  of  diameter  is 
equivalent  to  the  system  comprised  of  Pipes  1  and  2,  including  their  fitting 
losses.  Subsequent  calculations  can  be  made  Using  the  equivalent  pipe, 

A  series  of  more  than  two  components  can  be  treated  in  the  same  way. 


2-1?  Parallel  Pipes 

The  following  steps  lead  to  the  solution  of  the  distribution  of  flow 
and  pressure  losses  for  a  given  total  rate  of  flew  vr  through  a  system  of 
parallel  pipes,  Pipe  1,  Pips  2,  etc. 


Step  1.  For  a  first  approximation  assume  a  discharge  w)x'  through  Pipe  1. 
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Step  2.  Solve  for  the  loss  of  total  pressure  AH  using  the  assumed  dis- 

.  (1) 

charge  w-£  '  • 


Step 


3.  Using  AH  find  w£^,  ....  If  the  assumption  of  is 


(1)  ‘  ■  J  (1) 

correct,  the  sum  of  wv  '  and  other  calculated  values,  namely,  wi  , 

( 1  )  <L 

must  be  equal  to  w.  If  this  condition  is  satisfied,  the  cal¬ 
culation  may  be  concluded  with  Step  3*  However,  if  the  sum, 

W^  =  +  w^  +  •  ••,  is  not  equal  to  w,  the  calculation  must  be  con¬ 

tinued  as  indicated  in  Steps  U  and  S. 


Step  It.  Assume  that  the  given  flow  w  is  divided  among  the  pipes  in  the 


same  proportion  as 


M),  Ji) 


,  Wj  ...j  thus,  the  second  approximations  are 


obtained  t 


Jl) 

(2)  _  W1 

(2) 

Wi  ”  ^TJ  5 

*2 

Step  5,  Check  the  values  of 

C\l 

the  condition, 

AH  = 

AHX  = 

w{1) 

w2 

ITT 

w  ' 


(2-U7) 


( 2-ii8 ) 


If  the  results  of,  the  first  and  second  approximations  are  nearly  equal, 
tills  check  is  unhecessary. 

2-18  Pressure  Losses  in  Double-Skin  Passages 

Passing  through  the  double-skin  heaters >  the  hot  air  encounters  the 
resistance  due  to.  friction  in  the  passages  and  abrupt  changes  at  the  in¬ 
lets  and  exits.  The  resistance  is  also  influenced  by  the  curvature  of  the 
passageways.  The  complexity  of  the  shapes  of  double-skin  heaters  and  their 
odd  orientation  with  respect  to  the  flow  have  made  prediction  of  their 
pressure  losses  diffi'^xt.  The  main  reason  seems  to  bo  that  the  available 
literature  on  entrance  effects  deals  with  flow  conditions  which  are  not 
accurately  representative  of  those  encountered  in  an  anti-icing  system. 
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Neel  (Ref.  98)  using  the  data  shown  in  Ref.  16,  presents  the  follow¬ 
ing  equation  for  the  sum  of  the  coefficients  of  total-pressure  drop  in 
the  double-skin  gaps! 

f~L 

KQ  ~  %  +  TT“  ( 2-U9 ) 

o 

Employing  =  0.75,  as  suggested  in  Ref.  16,  Neel  calculated  the  friction 
factor  fg  shown  in  Fig.  2-37.  The  values  of  fg  are  not  in  agreement 
With  the  values  of  f  in  Fig,  2-1.  The  reason  may  be  that  the  value  of 
has  been  taken  to  to  a  constant  independent  of  the  geometry  and  the 
Reynolds  number  of  the  flow  in  the  gaps. 

When  KQ  is  evaluated  by  means  of  Eq.  2-ii9,  it  is  used  in  the  follow¬ 
ing  equation  to  obtain  the  loss  of  static  pressure  between  a,  point  in  the 
plenum  and  a  point  at  the  and  of  the  passages 

Ap  =  KQ  .  |^U2  (2-30) 


where  U  is  the  mean  velocity  in  the  passages.  If  an  orifice  is  at  the 
exit,  its  contribution  to  the  pressure  loss  should  be  added.  It  may  be 
found  convenient  to  obtain  the  pressure  drop  in  terms  of  the  weight  rate 
of  flow  in  pounds  per  hour  per  foot  spans 


1  /  \2 
?SV  V3600' 


(2-51) 


where  =  lb/ft2j  •$  is,  the  mean  specific  weight  of  air  in  lb/ft^j 
A'  is  the  cross-sectional  area  of  the  passages  in  square  feet  per  foot 
span]  [V]  =  lb/hr  ft}  and  g  =  32.17  ft/ sec2. 


According  to  Neel  (Ref.  98),  Eq.  Z-h9  and  -50  maybe  used  equally  as 
well  whether  heat  transfer  is  occurring  or  not.  Further,  the  author  is  of 
the  opinion  that  even  though  the  estimate  of  fg  is  based  only  on  a  par¬ 
ticular  type  of  corrugated  double-skin,  the  values  may  be  generally  applied. 
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FRICTION  COEFFICIENT 


REYNOLDS  NUMBER 


FIG.  2-37  FRICTION  COEFFICIENT  TO  BE 
USED  IN  CONJUNCTION  WITH  EQUATION 
2-49 
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Chapter  3 s '  WATER  IMPINGEMENT  ON  AIRFOILS 


3-1  Droplet  Trajectories 

The  interception  of  cloud  droplets  by  an  airfoil  depends  upon  the 
physical  configuration  of  the  airfoil,  the  i light  conditions,  and  the 
inertia  of  the  cloud  droplets.  In  order  to  obtain  the  rate  and  extent  of 
the  droplet  impingement  on  the  airfoil,  the  droplet  trajectories  with  re¬ 
spect  to  the  airfoil  must  be  determined.  Some  trajectories  intersect  the 
surface;  others  miss  the  surface.  Only  the  trajectories  lying  between  those 
which  are  tangent  to  the  upper  and  lower  surfaces  are  effective  during  the 
collection  process. 

3-1.1  ■  Fundamental  Differential  Equations 

To  set  up  the  differential  equations  that  describe  the  droplet 
motion  in  a  two-dimensional  flow  field,  the  following  simplifying  as sump* 
tions  are  used : 

(1)  The  droplets  are  always  spherical  and  do  not  change  size. 

(2)  No  gravitational  force  acts  on  the  droplets. 

The  first  assumption  is  valid  for  the  order  of  accuracy  usually 
required  in  thedssign  of  anti -icing  equipment..  The  .second  assumption  is 
reasonable  because  the  inertia  force  of  the  droplets  is  much  greater  than 
the  gravitational  force. 


The  drag  force  of  a  spherical  drop  of  radius  a  moving  in  air 


u 


2 


/  h  -  vl 


(3-1) 


The  quantity  is  the  drag  coefficient  which  depends  upon  the  Reynolds 
number . 


i  2a  p  : 

NRe,d=-/r-|”-*l 


(3-2) 


where  u  and  v  are  the  vector  velocities  of  the  air  and  droplet, 
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respectively.  These  velocities  are  measured  in  a  coordinate  system  fixed 
in  the  airfoil.  The  air  velocity  u  is  taken  to  be  that  of  the  potential 
field  of  an  ideal,  incompressible  fluid.  One  method  to  calculate  u  is 
summarized  in  Ref.  23.  In  a  rectangular  coordinate  system  the  equations 
of  motion  of  a  water  droplet  without  the  influence  of  gravity  are 

J,-  rt  Ilt 

h 

3 


3 

fw 

U.  V 

X  .. 

Re,d 

^a(ux  "  vx5 

(3-3) 

du 

k 

«  fw 

dv 

__ 1  - 

CD  ^e.d 

■  it  a(uy  - 

(3-5) 

dt 

U 

Where  subscripts  x  and  y  refer  to  the  components  in  the  x  and  y  di¬ 
rections,  respectively.  Dividing  all  velocities  by  the  mainstream  velocity 
UQ  and  employing  the  dimensionless  time  ratio  t(Uq/l)  *  t+,  Eq.  3-3  and 
-it  assume  the  dimensionless  form 


dvj 


5s!l 

dT+  ■* 


in 

4,d 

nr1- 


*  “  V 


(3-5) 

(3-6) 


where 


and 


u+  =  Ujt  v+  -  Vx 

\  *  rr>  \  -  t* 

O  0 


KSI 


a2  p  U 
\ w  0 


J 


(3-7) 


The  space  coordinates  of  Eq.  3-5  and  -6  are  x+ 5  x/L  and  y+  3  y/L.  The 
dimensionless  quantity  K  is  called  the  inertia  parameter. 


The  Reynolds  number  ^  can  be  obtained  conveniently  in  terms 
of  the  free  stream  Reynolds  number, 


™Re,d 


f 


o  o 


r 


(3-8) 
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by  aeans  of  the  relationships 

2 

J  -  («x  “  vx)2  +  (uy  -  vy)2  (3-9) 

The  drag  coefficient  in  Eq.  3-5  and  -6  is  customarily  obtained  from 
Table  3-1  taken  from  Ref.  81  and  based  upon  previous  experimental  data  for 
large  spheres  in  steady-state  conditions.  However,  Morton  (Ref.  97)  points 
out  that  these  values  may  be  inaccurate  for  small  spheres. 


/"Nlte,d 


A  solution  of  Eq.  3-5  arid  -6  gives  the  trajectory  of  a  droplet. 
Several  solutions  are  required  to  obtain  the  rate,  area,  and  distribution 
of  the  water  impingement.’  It  is  seen  from  these  equations  and  the  defi¬ 
nition  of  K  that,  for  a  given  shape,  size,  and  angle  of  attack  of  the 
airfoil,  the  trajectories  depend  on  the  radius  of  droplets,  the  free  stream 
velocity,  the  air  viscosity,  and  the  air  density  as  first-order  variables, 

3-1.2  Water  Impingement  Parameters 

The  following  relations  are  convenient  for  evaluation  o.f  the  di- 


mensionless  parameters"  K  and  Nj^  d: 

f  -l  n  D l  U 

K  =  1,963  »  10“12  .  . 

%>d  .  5.51,5  -ixr6  'jJzlz  ;•  : 

(3-10) 

(3-11) 

Qd  =  7.U1  •  10* 

0-12) 

P0  =  0.01)12  p 
'  0 

0-13) 

where  [Dd3  =  microns;  0J^J  =  knots;  =  slug/ft 

slug/ft*}  {jpj  =  in. -mercury;  and  pj  =  ®R.  Based 

sec;  [L]  =  ft;  * 

upon  these  relations 

Fig.  3-1  and  -2  were  prepared  for  the  rapid  determination  of  the  parameters 
K-1  and  d,  respectively,  for  1$*F  icing  atmosphere.  The  value  of 

is  independent  of  the  pressure  and  is  dependent  on  temperature  mainly 
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TABLE  3~ i 

VALUES  OF  C0  HROi  d/24  AND  x/\s  AS  FUNCTIONS  OF  N^id 


Vd 

Wd/2a 

KfU.  d 

k/ks 

0.00 

1.00 

1.00 

200 

0.  2668 

c.os 

1.009 

0.9956 

250 

0.  2424 

0. 1 

1.018 

0.9911 

300 

0.  2234 

0.2 

1.037 

0.9832 

350 

0.  2080 

0.4 

1.073 

0.9652 

400 

9.82 

0.1953 

0.6 

1. 103 

0.9493 

500 

11.46 

0,  1752 

0.8 

i.142 

0.9342 

600 

12.97 

0. 1597 

1.0 

1,176 

0.9200 

800 

15.81 

0.1375 

1.2 

1.201 

0.9068, 

1000 

18.62 

0. 1215 

1.4 

1.225 

.  0.8950 

1200 

21.3 

0. 1097 

l.« 

1.  248 

0,  8842 

1400 

24.0 

0. 1003 

1.8 

1,267 

0.8744 

1600 

26.9 

0.0927 

2.0 

1,285 

0.8653 

1800 

29.8 

0.0863 

2.5 

1.332 

0.8452 

2000 

32.7 

0.08C9 

3.0 

1.374 

0.8273 

2500 

40.4 

0.0703 

3-5 

1.412 

0.8120 

3000 

47.8 

0.0624 

4.0 

1.  447 

0.  79  78 

3500 

55.6 

0.0562 

5.0 

1.513 

0.7734 

40  00 

63.7 

0.0513 

5.0 

1.572 

0.7527 

5000 

80.0 

0.0  439 

8.0 

1.678 

0.7185 

6000 

96.8 

0.0385 

10 

1.782 

0.6905 

8000 

130.6 

0.0311 

12 

1.901 

0.660 

10000 

166. 3 

0.0262 

14 

2.009 

0.4440, 

120  0  0 

204 

IS 

2.109 

0.6242 

14000 

243 

18 

2.  198 

0.6065 

16000  , 

285 

20 

2.291 

0.6904 

18000 

25 

2.489 

0.5562 

20000 

30 

2.673 

0.5281 

2500  0 

35 

2.85i 

0.5046 

30000 

574 

40 

3.013 

0.4840 

35000 

674 

50 

3*327 

0.450  5 

40000 

770 

*0 

3.60 

0.4237 

50  0  00 

980 

80 

4.11 

0.3829 

60  0  0  0 

1175 

100 

4.59 

0.  ,3524 

80000 

1552 

120 

5.01 

0.328  5 

1.0. 105 

1905 

140 

5.40 

0.3090 

1,2.  105 

2234 

160 

5.  76 

0.2928 

1.4.  10> 

2549 

180 

6. 16 

0 , 2789 

1,6.  !05 

2851 
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FIG.3-2  CHART  FOR  EVALUATION  OF  DROPLET  REYNOLDS  NUMBER 


through  the  temperature  dependency  of  the  viscosity;  therefore,  the  values 
of  K-^  in  Fig.  3-1  may  be  employed  for  Most  practical  purposes.  The 
Reynolds  number  depends  upon  the  pressure  and  the  temperature.  The  pres¬ 
sure  used  to  calculate  the  air  density  was  taken  from  tables  of  the  NACA 
Standard  Atmosphere,  part  of  which  is  reproduced  as  Table  A-l  in  the  appen¬ 
dix;  the  viscosity,  dependent  only  upon  the  temperature,  was  evaluated  for 
15*F  air. 

Two  other  useful  dimensionless  parameters  are,  in  consistent 
engineering  units, 


Po 

f" 


.  h 

& 


and 


s  18  * 


Po  L  .  Po 


(3-11) 


(3-15) 


Charts  for  their  evaluation  are  presented  in  Fig-  3-3  and  -l|.j  both  charts 
are  for  15*F  icing  atmo’sphere  and  practical  units  are  used  on  the  coordi¬ 
nates. 

Any  two  of  the  parameters  K_1,  NRe  d,  V,  and  <£> ,  will  completely 
determine  the  rate  of  water  catch  and  the  region  of  impingement  on  a  given 
airfoil,  provided  that  'flight  and  icing  conditions  are  known.  Further,  the 
four  parameters  are  simply  related,  in  a  way  such  that  if  any  two  are  known 
the  other  two  can  be  derived.  Thuss 


Vd  -  K 


KRe,d  ‘  'V*  -  * 


)Jr 


(3-16) 


(3-17) 


These  equations  are  represented  graphically  by  the  criss-cross  chart  of 
Fig.  3-5-'  This  chart  may  be  found  useful  for  performance  studies? 

(1)  Generally,  a  wing  will  have  variable  chord  length.  To  study 
the  water  catch  at  several  sections  of  a  wing  flying  at  speed  U.  through 
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FIG.  3-3  CHART  FOR  EVALUATION  OF  SCALE  FACTOR 


droplets  of  size  at  a  fixed  altitude,  follow,  or  make  calculations  for 
several  points  on,  a  horizontal  line  (N^  d  =  constant),  which  is  independent 
of  the  chord  length. 

(2)  A  certain  cross  section  of  a  wing  is  to  be  studied  for  vari¬ 
ous  flight  speeds  at  a  fixed  altitude.  Follow  a  vertical  line  (1/  =  con¬ 
stant),  which  is  independent  of  the  speed.  Results  will  be  applicable  for 
a  fixed  drop  size;  also,  the  same  results  can  be  applied  of  the  ratio  L/Dd 
is  fixed  and  the  altitude  has  not  changed.  To  study  another  chord  length, 
use  another  vertical  line. 

(3)  Similarly,  to  study  the  influence  of  variable  drop  size  on 

a  given  airfoil  section,  follow  a  line  of  constant  ,  which  will  be  fixed 
for  a  given  speed  and  altitude. 

(U)  Finally,  when  the  influence  of  altitude  is  to  be  studied,  all 
other  quantities  being  fixed,  a  line  of  constant  K_1  may  be  followed  for 
most  practical  purposes. 

The  criss-cross  chart  is  easily  constructed  on  a  sheet  of  biloga- 
rithmic  paper,  and  any  region  of  particular  interest  can  be  constructed  on 
a  large  scale  so  that  the  designer  can  achieve  as  much  accuracy  as  he  would 
like. 

3-1 • 3  Solutions  of  the  Trajectory  Problem 

After  the  parameters  K  and  ^  are  determined,  the  solution 

of  Eq.  3-5  and  -6  can  be  effected  by  any  of  the  following  methods: 

(1)  Numerical  integration;  e.g.,  Ref.  11,  12,  68,  and  79. 

(2)  Mechanical  analog;  e.g.,  Ref.  23  and  2b. 

(3)  Differential  analyzer. 

(a)  Bush  type:  e.g.,  Ref.  13,  50,  5l,  and  81. 

(b)  Reeves  type;  e.g.,  Ref.  126. 
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fii)  Digital  computer;  e,g.,  Ref.  28. 

{$)  Graphical  methods  c.g.,  Ref.  21. 

(6)  Experimental  methods;  s.g.,  Ref.  22  and  9 7* 

Of  these  methods,  No,  2  and  3a  seem  to  give  the  most  dependable 
results  so  far.  Method  3b  shows  promise  of  giving  results  most  rapidly, 
because  the  velocity  flow  field  is  built  into  the  calculation  system  and 
need  not  be  calculated  independently. 

3-2  Summary  of  Available  Solutions  for  Airfoils 

Trajectory  data  for  the  circular  oylinder  are  presented  in  Ref.  81. 
The  method  of  employing  an  "equivalent  cylinder"  to  predict  the  impinge¬ 
ment  on  airfoils,  as  .'suggested  in  Haf.  127,  has  been  found  to  be  a  fair 
approximation  only  for  certain  thick  Joukowski  airfoils,  and  to  be  un¬ 
satisfactory  for  low-drag  airfoils.  Therefore,  the  trajectory  data  for 
cylinders  are  omitted  and  only  data  for  airfoils  are  presented.  Some  so¬ 
lutions  for  airfoils  are  listed  belowi 


Airfoil  Shape 

Reference 

Remarks 

Airfoil 

hi 

Stokes'  law  regime 

Joukowsld.  symmetrical  15  per  cant  50,  51 

0*,  2*,  6*  angle  Of  attack 

Joukowski  cambered,  15  per  cent 
thick 

50 

0*  angle  of  attack 

NACA  65,-015 

51 

0*  angle  of  Attack 

NACA  662-X,  16  per  cent 

79 

2.5*  angle  of  attack 

Arbitrary  airfoil 

11 

Oraphical,  based  on  data  of 
Joukowski  airfoils 

Joukowski  symmetrical  12  per  cent 

i  11 

0*  angle  of  attack 

NACA  65x-212 

23 

6*  angle  of  attack 

NACA  65^208 

23 

6*  angle  of  attack 

NACA  65AOOii 

26 

ii*,  8*  angle  of  attack, 

NACA  0006-66  (6  per  cent) 

102 

0*,  6*  sngle  of  attack 

NACA  IS  (50)  002-(50)002 

# 

Double  wedge,  0*,  5*,  10® 
angle  of  attack 

*The  calculations  were  performed  by  Research,  Incorporated,  of  Minnea¬ 
polis,  Minnesota.  The  data  were  received  in  a  communication  from  Aeronaut! 
cal  Icing  Research  Laboratories,  Ypsilant.i,  Michigan. 
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Airfoil  Shape 


NACA  65A005 

* 

NACA  65A006  ] 

NACA  65AOOU75  7 

28 

NACA  65A0035  J 

Swept  wings 

35 

Svpersonic  wedge 

125 

Supersonic  wedge  and  diamond 

airfoils 

118 

Reference  Remarks 

0*,  £*,  10*  angle  of  attack 

0*,  Jj.00  miles  per  hour; 
li*,  ?00  miles  per  hour 


The  trajectory  data  for  several  of  these  airfoils  are  presented  in  the 
next  sections. 

>3  Total  Rate  or  water  Impingement  1 

The  amount  of  water  impinging  on  an  airfoil  per  unit  time  per  unit 
span  is  equal  to  the  effective  volume  that  the  airfoil  sweeps  through  in 
unit  time  multiplied  by  the, mass  of  liquid  water  contained  in  unit  volume 
of  the  atmosphere.  In  consistent  units, 


»'  =  uok 


w. 


|fo,u  -  yo,l 

Using  practical  flight  units, 

■  *’  =  0.379  u0  | 

where  w'  =  rate  of  water  catch  per  unit  span,  lb/hr  ft  -  span 


(3-18) 


(3-1 9) 


v  l  y  .  =  y  -  coordinates  for  upper  and  lower  tangent  trajectories 

v  0  jU  0  j  l  1 

at  x  =  -  oc,  ft 


U  =  air  speed,  knots 
0 


«  liquid  water  content,  g/cu  m 


*Tho  calculations  were  perfcnncd  by  Research,  Incorporated,  of  Minnea¬ 
polis,  Minnesota.  The  data  were  received  in  a  communication  from  Aeronaut!' 
cal  Icing  Research  Laboratories,  Ypsilanti,  Michigan. 
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3-3*1  Total  Collection  Efficiency 

Results  of  the  trajectory  data  may  be  correlated  to  a  "total 
collection  efficiency"  defined  as  the  ratio  of  the  amount  of  water  inter¬ 
cepted  by  the  airfoil  to  the  amount  of  water  contained  in  the  Volume  of 
cloud  swept  out  by  the  airfoil  when  at  zero  geometric  angle  of  attack. 
Thus, 


0,U 

tkyj 


-  y, 


c,l 


max 


(3-20) 


where  (Ay)m(lx  is  the  airfoil  thickness.  It  follows  from  this  definition 
that  may.be  greater  than  unity  for  values  of  the  angle  of  attack  a 
other  than  zero.<  Equation  3-19  may  slow  be  written* 


W  =  0.379  U0  ^  (Ay), 


max 


(3-21) 


A  typical  graph  of  Em  versus  \l/  with  NRg  d  as  parameter 
is  shown  in  Fig;  3-6.  It  is  for  the  water  impingement  on  the  MCA  O061i-6Ii 
(6  par  cent)  airfoil.  The  calculations  were  performed  by  Lonherr  and 
Thomson  (Ref,  102). 

Brun,  Gallagher,  and  Vogt  (Ref.  23  and  2h)  present  curves  of 
| y0. -u  “  yo  l  I  /  I*  versus  K""1  with  N^Q  d  as  parameter  for  the 
NACA  63^-208,  63^-212,  and  65AQ0lt  airfoils.  Their,  data  apply  in  the  fol¬ 
lowing  range  of  variables i  1 


Variable 

Range 

Droplet  diameter 

5  to  100  microns 

Speed  U 

150  mph  to  flight  critical  Mach  number 

Altitude 

1,000  to  33,000  ft 

Chord  length  L 

2  to  20  ft 

Angle  of  attack1 

it* 

In  Ref.  23  the  authors  give  data  for  the  HAC&  63AOOb  airfoil  at  8* 
angle  of  attack.  That  material  came  too  late  to  be  included  in  the  present 
manual . 
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Dividing  tha  ordinates  of  their  curves  for  the  NACA  65^-208  air¬ 
foil  by  C^jy)maTA  =  0.08,  we  have  translated  the  curves  to  the  positions 
shown  in  Figi  3-7  where  the  total  collection  efficiency  E^  is  plotted 
against  K"^  with  NRg  d  as  parameter.  The  line  for  KRg  d  =  150  was 
added  after  cross  plotting  the  original  curves.  Similar  figures  could  be 
constructed  for  the  other  two  airfoils  by  translating  the  authors'  curves. 

A  generalization  of  this  work  will  be  found  in  Section  3-3.2. 

Results  of  calculations  by  Research,  Incorporated,  on  the  NACA 
lS(50)Q02-(5d)002  double  wedge  and  on  the  MCA  65aOQ5  airfoil  are  presented 
in  Fig.  3-8  and  -9,  respectively.  The  collection  efficiency  Em  is  given 
as  a  function  of  with  N^  d  as  parameter.  The  coordinates  of  the 

double  wedge  surface  are  presented,  in  Table  3-2.  The  data  used  to  con¬ 
struct  Fig.  3-8  and  -9  are  presented  in  Table  3-3. 

Tabid  >2  DIMENSIONLESS  COORDINATES  OF  THE  NACA  lS(50)002-(50)002 


DOUBLE  WEDGE 


X 

L 

f  V"  ' 

r 

L 

•  l 

0.0 

0.000 

o,5 

0.020 

0.1 

O.OOli. 

0.6  , 

0.016 

0.2 

V  0.008 

0.7 

0.012 

0,3 

0,012 

0,8 

0.008 

O.li 

0.016 

0.9 

0,001; 

o.5 

0,020 

1.0 

0.000 

Armour 'Research  Foundation  of  Illinois  Institute  of  Technology 
(Ref.  28)  carried  out  calculations  to  determine  the  total  collection  ef¬ 
ficiency  of  three  thin  airfoils  for  specific  icing  and  flight  conditions. 
The  calculations  were  performed  on  the  basis  that  the  potential,  flew  around 
each  airfoil  oould  be  well  represented  by  the  potential  flow  around  an 
ellipse  that  would  approximate  a  najor  part  of  the  airfoil.  The  results 
ar,e  shown  in  Table  3-ii.  The  values  of  K  and  ^  corresponding  to 
the  assumed  conditions  are  shown  in  the  last  two  columns. 
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FIG  3^7  TOTAL  COLLECTION  EFFICIENCY  OF 
NACA  65-208  AIRFOIL  AT  4°  ANGLE 
OF  ATTACK 
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IG.  3-8  TOTAL  COLLECTION  EFFICIENCY  ON 
NACA  1 5(50)002- (50)002 
DOUBLE  WEDGE 
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FIG.  3-9 
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TOTAL  COLLECTION  EFFICIENCY  ON 
NACA  65A005  AIRFOIL  AT  VARIOUS 
ANGLES  OF  ATTACK 
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Tabl«  3-3  WATER  DROPLET  TRAJECTORY  DATA  OBTAINED  WITH  ANALOG  COKOTER 
IOR  NACA  lS(50)OC2-(50)OO2  DOUBLE  WEDGE  AND  NACA  6>A005 


AIRFOIL 


NACA  13(50)002-( 50)002 

NACA  65A005 

a 

NRe,d 

K 

7o,u“  7o,V 
"  r  T  ' 

S1 

T 

a 

K 

7o,u“7o,l 

I  1 

sl 

T 

-J 

0* 

0 

0.333 

0.0220 

0.500 

0* 

0 

0.100 

0.019 

0.068 

0 

0.167 

0.0128 

0.500 

0 

0.025 

0.0103 

O.02I4 

0 

0.100 

0.0092 

0.500 

0 

0.010 

0.0075 

0.0089 

0 

0.033 

0.0056 

0.500 

250 

0.333 

0.0175 

0.500 

250 

0.16? 

0.0165 

0.0525 

250 

0.167 

0.0096 

0.500 

2.50 

0.021 

0.0051 

0.0092 

250 

0.100 

0.0058 

0.500 

250 

0.0083 

0.001*0 

0.0052 

i*5o 

0.333 

0.011*0 

0.500 

1*50 

0.16? 

0.0115 

0.01*05 

kso 

0.167 

0.0067 

0.500 

l*5o 

O.OI4I6 

0.0050 

0.0100 

Wo 

0.0208 

0.001*0 

0.0065 

0 

0.100 

0.038 

0.027? 

.5* 

0 

0.167 

'  0.01*7 

0.310 

0 

0.050 

0.027 

0.020 

0 

0.01*16 

0.025 

0.102 

0 

0.010 

0.0125 

0.008 

0 

0.0167 

0.011* 

0.0li2 

0 

0.0026 

0.0065 

0.0032 

*  . 

•/ 

•  !  . 

80 

0.100 

0.0315 

0.0225 

- 

80 

0.025 

0.0170 

0.0115 

250 

0.333 

0.0ii9 

0.035 

250 

0.167 

0.0375 

0.21*0 

250 

0.100 

0.0255 

0.018 

250 

0.100 

0.0285 

0.155 

.250 

0.050 

0.020 

•— > 

2?o 

0.025 

O.OI32 

0.01*7 

.. 

1*50 

0.333 

0,037  • 

0.029 

1*50 

0.167 

0.021*0 

0.155 

1*50 

0.100 

0.0205 

1*50 

0.100 

O.O23O 

0.121* 

1*50 

0.050 . 

0.0155 

0i0085 

1*50 

0.025 

0.0070 

0.033 

10* 

0 

0.167 

0.103 

10*  ’ 

0 , 

0.100 

0.060 

0.215 

0 

0.100 

0.072 

— 

0  . 

0.050  :i 

0.050 

0.165 

0 

0.050 

0.0149 

0.260 

0 

0.025 

0.029  , 

0,006 

0 

o.oio 

0.029 

6 

0.010 

0.015 

0.0023 

0 

0.0026 

0.020  * 

0.008 

80 

0.00833 

0.0148 

80 

0.025 

0.030 

— 

250 

0.333 

0.092 

O.I42O 

250 

0.167 

0.0l*2 

— 

1*50 

0.66? 

0.105 

0.U50 

l*5o 

0.100 

0.01*0 

0.115 

l*5o 

0.333 

0.067 

1*50 

0,025 

0.016 

0.037 

hso 

0.167 

0.01*9 

0,2145 

l*5o 

O.Oli* 

0.020 
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Table  3-U  TOTAL  COLLECTION  EFFICIENCY  ON  THREE  THIN  AIRFOILS 
IN  SPECIFIC  ICING  CONDITIONS*  (Ref.  28) 


NAGA 

Airfoil 

Section 

Airfoil 

Chord 

Length 

(ft) 

Major 
Axis  of 
Equiva¬ 
lent 
Ellipse 
(ft) 

Velo¬ 

city 

Uo 

(mph) 

Angle 

of 

Attack 

(deg) 

Effici¬ 
ency  of 
Catch 

Impinge¬ 

ment 

Limit 

(ft) 

Inertial 

Para¬ 

meter 

K 

Droplet 

Reynolds 

Number 

.  ^e,d 

65 A006 

20 

.  is 

liOO 

0 

0.063 

0.130 

0.022 

99 

65AOOL75 

11.5 

10.35 

kOO 

0 

0.11 

0.13k 

0.038 

99 

65A0035 

3 

2.7 

iiOO 

0 

0.29 

0.220 

O.lU? 

99 

65A006 

20 

18 

700 

u 

0.16 

1.1 

0.0386 

172 

65k00h75 

11.5 

10.35 

700 

h 

— 

0,9 

0.067! 

172 

65A0035 

3 

2.7 

700 

h 

0.95 

1.0  1 

0.257 

172 

ft 

All  results  are  for  Icing  conditions  of  20,000  ft  pressure  altitude, 
15  micron  droplets,  and  15*F  air-  temperature.  For  k*  angles  of  attack,  the 
limit  of  impingement  only  on  the  lower  surface  ia  given. 
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Generalization  of  the  Total  Collection  Efficiency 


In  a  graph  cf  E^  .  versus  K  with  N^g  ^  as  parameter,  it  is 
quite  often  necessary  to  interpolate  in  i  .  Further,  it  is  difficult 

Jl8  J  Cl 

to  represent  more  than  one  airfoil  at  one  angle  of  attack  with  such  a 


graph  and  many  pages  of  graphs  must  be  employed  for  each  airfoil.  If 
Stokes 1  law  of  drag  on  a  sphere  could  be  used,  the  quantity  ^/2l|  in 

Eq.  3-5  and  -6  would  be  identically  unity,  a  correlation  would,  be  independent 


of  d,  and  interpolation  would  be  unnecessary.  This  idea  has  led  to 

the  use  of  a  kind  of  average  inertia  parameter  to  bring'  lines  representing 


water  impingement  data  clbsar  together* 


According  to  the  procedure  of  Sherman,  Klein,  and  Tribus  (Ref.  120) 
the  collection  efficiency  curves  of  tho  above  airfoils  for  various  droplet 
Reynolds  numbers  may  be  brought  closer  together  by  using  the  average  inertia 
parameter 


kss“T“‘k  (3-22) 

As 


where 


X  _  '  1 

7s  NBe,d 


(3-23) 


The  symbol  ^  is  a  dummy  variable,  representing  the  Reynolds  number  in 
Table  3-1,  Physically,  Ag/A  is  an  average  value  of  NRfi  for 

a  drop  projected  into  still  air,  since  \  is  the  distance  the  drop 

O 

would  travel  if  projected  into  still  air  with  velocity  U  when  the  drag 

0 

force  obeys  Stokes'  law,  while  A  is  the  distance  the  drop  would  travel 
if  projected  into. still  air.  with  velocity  u  when  the  drag  coefficient 
follows  the  experimental  values  given  in  Table  3-1. 


Figure  3-H  is  a  graph  of  E  versus  K„  curve  for  the  NACA 

m  o. 

65^-208  airfoil.  The  curves  are  replotied  from  the  graph  of  Fig.  3-7*  The 
single  dash-dot  curve  is  drawn  through  the  arithmetic  averages.  It  corre¬ 
lates  values  for  Reynolds  numbers  from  16  to  102ij  within  about  10  per 
cent.  Similar  curves  are  shown  in  Fig.  3-10  and  -12  for  the  NACA  6£A00lj 


FIG.  3-10  TOTAL  COLLECTION  EFFICIENCY  OF  NACA  65A004 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  VERSUS  Ko 


FIG.  3-U  COLLECTION  EFFICIENCY  OF  NACA  65,-208  AIRFOIL  AT 
4s  ANGLE  OF  ATTACK  VERSUS  Ks 
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FIG.3-12  TOTAL  COLLECTION  EFFICIENCY  OF  NACA  65,-212 
AIRFOIL  AT  4*  ANGLE  OF  ATTACK  VERSUS  K<- 


and  65j--212  airfoils,  respectively,  Lenherr  and  Thompson  (Ref.  102)  have 
presented  the  aforementioned  collection  efficiency  of  the  NACA  0006-6U 
airfoil  in  the  same  way  with  similar  success. 


Guibert ,  et  al  (Ref.  SO  and  51),  plotted  Effi  against  \Jr  with 


N~  d  as  parameter, 
variables i 


Their  data  are  applicable  in  the  following  range  of 


Variable 

Droplet  diameter 
Speed  UQ 
Altitude 
Chord  length  L 


Range 

20  to  100  microns 
100  to  UOO  mph 
Sea  level  to  20,000  ft 
0.25  to  30  ft 


Sherman,  Klein,  and  Tribus  (Ref .  120),  employing  their  transformation, 
generalized  this  work.  Average  single  curves  for  the  15  per  cent  thick 
Joukowski  airfoil  at  various  angles  of  attack  and  camber  are  plotted  together 
in  Fig.  3-13. 


Tribus  (Ref.  12U)  refers  to  a  study  by  Drell  Sfnd  Valentine,  who 
have  plotted  the  collection  efficiency  curves  of  various  airfoils  in  yet 
another  fashions  Em  ^  voi‘sus.  ^  with'  NRe  d  as  parameter.  ■  For  values 
of  Ajlr  lass  than  100  they  brought  the  available,  data  close  together. 

For  values  of  \!/  larger  than  100,  however,  the  parameter  NRq  d  plays, 
a  significant  role. 

A  graph  of  ^  versus  'jf  has  an  advantage  in  dealing  with  a 
tapered  wing  of  uniform  per  cent  thickness,  because,  each  coordinate  is 
independent  of  the  velocity  and  (from  Eq.  3-lU,  -18,  and  -20), 


where  the  quantity  in  brackets  is  a  constant  for  this  type  of  wing  in  given 
flight  and  icing  conditions.  Of  course,  it  is  supposed  that  the  taper  is 
small  enough  so  that  two-dimensional  flow  satisfactorily  approximates  the 
actual  flow. 
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FiG.  3_  13  TOTAL  COLLECTION  EFFICIENCY  OF  15  PER-CENT 

JOUKOWSK!  AIRFOILS  AT  VARIOUS  ANGLES  OF 
ATTACK 


3-3  .3  Dimensional  Charts  of  Water  Impingement  Data 

For  practical  calculations  it  Is  more  convenient  to  employ  di¬ 
mensional  charts,  particularly  when  lenguhy  analyses  are  necessary.  These 
charts  can  be  constructed  from  the  dimensionless  graphs  presented  in  the 
previous  sections.  Typical  charts  are  shewn  in  Fig.  3-lh  to  -1?  for  the 
NACA  65AOOlj,  6^-208,  and  65^212  airfoils  at  10,000  and  20,000  ft  pressure- 
altitude.  In  constructing  these  charts,  the  air  temperature  was  assumed 
to  be  15*F  and  the  mean  effective  droplet  size  20  microns  diameter.  Other 
similar  charts  based  on  the  most  probable  icing' temperature  of  Fig.  A-l  are 
presented  in  Ref.  23  and  26  for  the  same  airfoils.  .Similar  kinds  of  charts 
for  other  airfoils  can  be  constructed  as  individual  needs  arise. 

3— U ■  Area  of  Impingement 

Knowledge  of  the  area  of  impingement  per  unit  span  is  needed  to  deter¬ 
mine  .how  far  back  the  double-skin  heater  should  extend.  Also,  it  will  be 
required  in  some  calculations  of  Chapters  5  and  6. 

The  trajectories  tangent  to  the  airfoil  surface  separate  all  trajectories 
into  those  that  are  deflected  away  from  the  surface  before  reaching  it  and 
those  that  intersect  the  surface.  The  points  of  tangency  determine  the. 
area  of  impingement.  This  area  depends  Upon  the  largest  droplet  size 5  for 
simplicity,  the  discussion  is  limited  here  to  droplets  of  uniform  size. 

The  length  and  s^  will  denote  the  profile  distances  of  impinge¬ 
ment  from  the  geometric  leading  edge  of.  the  airfoil  on  the  upper  and  lower 
surfaces,  respectively.  The  ratios  of  these  distances  to  the  chord  length 
are  dependent  on  any  two  of  the  impingement  parameters  K”"'’,  d,  y/r  t 
and  4>  . 

The  results  of  Guibert  et  al  (Ref.  50  and  51)  cover  Joukowski  airfoils 
at  various  angles  of  attack  and  camber  and  the  NACA  65g"015  at  h*  angle  of 
attack.  They  were  originally  presented  in  the  form  s yi,  (or  s^/L) 
versus  \ [r  with  N^0  d  as  parameter.  Sherman,  Klein,  and  Tribus  (Ref.  120), 
using  the  idea  of  the  average  inertia  parameter  Kg  (see  Section  3-3«2), 
correlated  the  results  so  that  in  a  graph  of  s ^/L  (or  s^/L)  versus  K,., 


10h 


KADC  TR  5U-313 


FIG.  3-14  RATE  OF  WATER  IMPINGEMENT  ON 
NACA  65A004  AIRFOIL  AT  4° 
ANGLE  OF  ATTACK  (IO,OOOft) 
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65A004  AIRFOIL  AT  4°  ANGLE  OF  ATTACK 
{20,000  ft ) 
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FIG.  3-16  RATE  OF  WATER  IMPINGEMENT  ON 
NACA  65,-208  AIRFOIL  AT  4® 
ANGLE  OF  ATTACK  (10,000  ft) 
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FIG.  3“ IT  RATE  OF  WATER  IMPINGEMENT  ON 

NACA  65,-208  AIRFOIL  AT  4° 
ANGLE  OF  ATTACK  (20,000ft) 
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NACA  65,-212  AIRFOIL  AT  4° 
ANGLE  OF  ATTACK  (10,000ft) 
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FIG.  3-19  RATE  OF  WATER  IMPINGEMENT 
ON  NACA  65r2l2  AIRFOIL  AT  4“ 
ANGLE  OF  ATTACK  (20,000  ft) 
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they  were  virtually  independent  of  the  droplet  Reynolds  number.  The  devi¬ 
ations  from  a  curve  drawn  through  the  averages  for  a  particular  airfoil  at 
a  given  angle  of  attack  could  be  neglected  for  most  practical  purposes. 

The  values  of  s^/L  and  s^/L  for  the  15  per  cent  symmetrical  and  cambered 
Joukowski  airfoils  at  various  angles  of  attack  are  shown  in  Fig.  3-20. 

The  area  of  impingement  per  unit  span  for  the  NACA  0006-62*  (6  per  cent) 
airfoil  at  zero  angle  of  attack  is  presented  in  terms  of  a y'L  *s  s^/L  versus 
\£r  with  N^g  ^  as  parameter  in  Fig.  3-21. 

Brun  et  al  (Ref.  23  and  2ii)  presented  s ^/1  and  s^/L  as  functions 
of  with  N^e  ^  as  parameter  for  the  NACA  65A001*,  65^-208 ,  and  65^-212 

airfoils  at  1**  angle  of  attack.  Attempts  were  made  during  the  present  pro- 
ject  to  recorrelate  those  values  in  terms  of  Kg  as  suggested  in  Ref.  120. 
Deviations  from  the  averages  of  the  impingement  areas  corresponding  to  the 
droplet  Reynolds  numbers  from  16  to  1022*  were  found  to  be  fairly  small 
in  the  case  of  the  NACA  65^-212  but ' excessive  in  the  case  of  the  NACA  65^-208 
airfoil.  For  this  reason  generalized  charts  for  these  airfoils  »re  not 
recommended,  and  instead  the  graphs  from  Ref.  23  and  22*  are  reproduced  as 
Fig.  3-22  to  -25  in  this  manual.  Apparently,  the  method  of  Ref.  120  is 
not  dependable  for  thin  airfoils. 

Results  calculated  by  Research,  Incorporated,  on  the  NACA  13(50)002- 
(50)002  and  on  the  NACA  65A005  airfoil  are  presented  in  Fig.  3-26  and  -27, 
respectively.  At  zero  angle  of  attack,  the  area  of  impingement  on  tho 
double  wedge. is  0,5$  at  5  and  10*  angles  of  attack,  a^L  *  6.  The  limit 
of  impingement  on  the  upper  surface  of  the  NACA  65A005  airfoil  at  5  and  10s 
angles  of  attack  is  such  that  0  ■■==.  s^/L  0.001.  . 

3-5  Distribution  of  Impingement  on  Airfoils 

The  droplets  strike  the  surface  of  an  airfoil  in  greater  numbers  on 
unit  area  of  the  leading  edge  than  on  the  downstream  regions-  While  know¬ 
ledge  of  the  total  rate  of  impingement  is  useful  for  purposes  of  preliminary 
design,  the  distribution  of  the  droplet  impingement  is  needed  for  detailed 
analysis  of  a  given  system.  The  distribution  may  be  considered  in  two  ways 
which  are  discussed  in  the  next  two  sections. 
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FIG.  3-20  IMPINGEMENT  AREA  ON  JOUKOWSKI  15  PER-CENT 
AIRFOILS  AT  VARIOUS  ANGLES  OF  ATTACK 


FIG.  3-21  IMPINGEMENT  AREA  ON  NACA  0006-64  AIRFOIL 
AT  O9 ANGLE  OF  ATTACK 
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FIG. 3-23  IMPINGEMENT  AREA  ON  UPPER  SURFACES  OF  NACA  65,-208 
AND  65-  212  AIRFOILS  AT  4°  ANGLE  OF  ATTACK 
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F1G-3-24  IMPINGEMENT  AREA  ON  LOWER  SURFACE  OF  NACA  65A004 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK 
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FIG.  3-26  IMPINGEMENT  AREA  ON  NACA  IS(50)002- 
(50)002  DOUBLE  WEDGE  AT  5°  AND  10° 
ANGLE  OF  ATTACK 
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FIG3-27  IMPINGEMENT  AREA  ON  NACA  65A005 
AIRFOIL  AT  VARIOUS  ANGLES  OF  ATTACK 
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3-5.1  Accumulated  Collection  Efficiency 

The  rate  of  inpingement  per  unit  span  may  be  considered  a 
function  of  s/L,  say  H!(s/L).  This  function  is  defined  so  that 
¥!(Sj/L)  =  Oj  that  is,  it  represents  the  rate  of  impingement  on  the  portion 
of  the  surface  bounded  by  the  tangent  point  at  s^/L  on  the  lower  surface 
and  the  inpingement  point  at  s/L  where  the  intermediate  trajectory  strikes 
the  surface.  For  example,  W^s^L)  =  W',  which  is  the  quantity  plotted  in 
Fig.  3-1U  through  -19. 


An  accumulated  collection  efficiency  E,  which  depends  upon  s/L, 

is  defined* 


»'(s/L)  =  u  •  (Ay) 


max 


u. 


(3-25) 


It  follows  from  the  definitions  of  E  and  E„  .  that 

m 

W'(s/L)  «£'.*< 


(3-26) 


The  ratio  E/Em  depends  upon  any  two  of  the  iirpingement  parameters  K~~, 
NKe  d’  *  *ncl  ^  *  Obviously.,  the  rate  of  water  catch  between  points 
a^/L  and  s^L  is  equal  to 

/Ep  £.  \ 

ir'(Sj/L)-W'(sA/L)  -|g2-  gMw-  (3-27) 

Gulbert  et  al  (Ref.  50  and  51)  calculated  the  distribution  data 
for  the  Joukowski  symmetrical  15  per  cent  airfoil  at  0*,  2*,  and  h *  angles 
of  attack,  for  the  Joukowski  cambered  15  per  cent  airfoil  at  0*  angle  of 
attack,  and  for  the  NftCA  65J-015  airfoil  at  U*  angle  of  attack.  They  pre¬ 
sented  their  results  by  plotting  E/E  against  s/L  with  fL,  .  and 

*  Di  fteja 

K”'1  as  parameters.  These,  charts  are  reproduced  as  Fig.  3-28  to  -it5. 


Inspection  of  these  distribution  curves  reveals  that  for  a  given 
value  of  iT1,  the  effect  of  NRq  d  is  small;  but  that  for  a  given  value 
of  >JRe  d,  the  effect  of  varying  K"^  is  quite  large.  This  means  that  drop¬ 
let  size  is  relatively  more  important  than  velocity  in  determining  the  dis¬ 
tribution  of  the  water  impingement. 
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FI6.3-28  ACCUMULATED  COLLECTION  EFFICIENCY  FOR  JCUK.CWSKI 
SYMMETRICAL  15  PER-CENT  AIRFOIL  AT  0° ANGLE  OF 
ATTACK 
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AIRFOIL  AT  0°  ANGLE  OF  ATTACK 


FIG.  3-30  ACCUMULATED  COLLECTION  EFFICIENCY 
FOR  JOUKOWSKI  SYMMETRICAL  15 
PER-CENT  AIRFOIL  AT  2°  ANGLE 
OF  ATTACK 
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FIG.  3-31  ACCUMULATED  COLLECTION  EFFICIENCY  FOR 
JOUKOWSKI  SYMMETRICAL  15  PER-CENT 
AIRFOIL  AT  2°  ANGLE  OF  ATTACK 
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FIG.  3-32  ACCUMULATED  COLLECTION  EFFICIENCY  FOR 
JOUKOWSKI  SYMMETRICAL  15  PER-CENT 
AIRFOIL  AT  2°  ANGLE  OF  ATTACK 
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FIG.  3-33  ACCUMULATED  COLLECTION  EFFICIENCY  FOR 
JOUKOWSKI  SYMMETRICAL  15  PER-CENT 
AIRFOIL  AT  2°  ANGLE  OF  ATTACK 
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!5  PER-CENT  AIRFOIL  AT  4°  ANGLE  OF  ATTACK 
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SYMMETRICAL  15  PER-CENT  AIRFOIL  AT  4°  ANGLE  OF 
ATTACK 


FIG,  3-36  ACCUMULATED  COLLECTION  EFFICIENCY  FOR  JOUKOWSKI 
SYMMETRICAL  15  PER-CENT  AIRFOIL  AT  4°  ANGLE  OF 
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SYMMETRICAL  15  PER-CENT  AIRFOIL  AT  4°  ANGLE  OF  ATTACK 
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FIG.  3-38  ACCUMULATED  COLLECTION  EFFICIENCY 
FOR  JOUKOWSKI  CAMBERED  15  PER¬ 
CENT  AIRFOIL  AT  0°  ANGLE  OF  ATTACK 
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JOUKGWSKI  CAMBERED  !5  PER-CENT  AIRFOIL 
AT  0°  ANGLE  OF  ATTACK 
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FIG.  3-41  ACCUMULATED  COLLECTION  EFFICIENCY  FOR 
JOUKOWSKI  CAMBERED  15  PER-CENT  AIRFOIL 
AT  0°  ANGLE  OF  ATTACK 


FIG  3-42  ACCUMULATED  COLLECTION  EFFICIENCY  FOR  NACA  65-015 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK 


65-015  AIRFOIL  AT  4°  ANGLE  OF  ATTACK 


3-?. 2  Local  Collection  Efficiency 

The  local  rate  of  droplet  impingement  per  unit  area  of  airfoil 
surface  can  be  determined  from  the  expression  (in  practical  units), 

dy 

W"  -  0.379  U  lo  •  — £  =  0.379  -  fl  (3-28) 

O  W  dg  o  w  r 

The  dimensionless  local  collection  efficiency  p  is  defined  by  Eq*  3-28, 
in  which  =  knots  and  [<j  =  g/cu  m.  Figures  3-U6  through  -Sh 

reproduced  from  Ref.  23  and  2li  show  p  plotted  against  K-^  as  parameter 
for  the  NACA  65A005,  65-^-200,  and  65^-212  airfoils  at  1**  angle  of  attack. 
These  graphs  are  based  on  the  slopes  of  yQ/L  versus  s/L  curves  obtained 
from  the  trajectory  data. 

It  may  be  noticed  that  the  maximum  rates  of  impingement  occur 
between  the  air  stagnation  line  and  the  geometric  leading-edge  line.  On 

•  ji 

aooourit  of  the  airfoil  geometry  and  the  manner  in  which  the  droplets  ap¬ 
proach  the  airfoils  in  this  neighborhood,  the  graphs  of  y^/L  versus  s/L 
are  not  well  defined  in  the  range  -6.01  ««;  e/L  -=■  0.0.  The  possible  error 
in  the  maximum  value  of  p  is  estimated  to  lie  between  +10  to  +  25  per 
'cent,  depending  on  the  value  of  K .  and  the  airfoil.  This  possible  error 

is  not  considered  serious  because  only  a  small  portion  of  the  total  water 
catch  would  require  Redistribution  if  the  maximum  value  of  p  is  changed 
by  as  mttch  as  the  maximum  possible  error.  The  total  area  under  the  curve 
should  not  be  changed  when  a  change  in  the  maximum  value  of  p  is  made, 

because  the  total  amount  of  water  impinging,  determined  by  y  -  y  • , 
oSy/L  0,U  0,1 

and  by  /  fl  d(s/L)  is  independent  of  the  manner  in  which  the  water 
i  Jax/L 

is  distributed  near  the  leading  edge. 

Distribution  curves  for  the  NACA  OOO6-6I4  and  65AOQ5  airfoils 
and  for  the  double  wedge  IS (50)002- (50)002  were  not  calculated. 

3-6  Influence  of  Angie  of  Attack  and  Airfoil  Maximum  Thickness 

There  is  available  to  date  only  a  limited  number  of  data  on  airfoils 
of  different  series,  angle  of  attack,  camber,  and  thickness.  Reliable  Inter¬ 
polation  techniques,  therefore,  are  of  practical  importance.  The  work  of 
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FIG.  3-47  LOCAL  COLLECTION  EFFICIENCY.  ON  NACA  65A004 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (NRed=256) 
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IG. 3-48  LOCAL  COLLECTION  EFFICIENCY  ON  NACA  65A004 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (NRM*1024) 
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FIG.  3-50  LOCAL  COLLECTION  EFFICIENCY  Oh 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (I 
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6.3-5!  LOCAL  COLLECTION  EFFICIENCY  ON  NACA  65,-208 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (NRed*l024) 
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FIG.  3-52  LOCAL  COLLECTION  EFFICIENCY  ON  NACA  65,-212 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (NRed*!6) 
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FIG. 3-53  LOCAL.  COLLECTION  EFFICIENCY  ON  NACA  65,-212 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (  NRed=  256) 
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FIG.  3-54  LOCAL  COLLECTION  EFFICJENCY  ON  NACA  65,-212 
AIRFOIL  AT  4°  ANGLE  OF  ATTACK  (ND^=I024) 


Sherman  et  al  (Ref.  120)  indicates  that  by  introducing  Kg  the  effect  of 
the  Reynolds  number  in  the  charts  is  minimized.  For  many  practical  pur¬ 
poses  a  single  curve  is  all  that  is  necessary  to  correlate  computer  data 
of  collection  efficiency  or  impingement  area  for  a  particular  airfoil  at  a 
specific  angle  of  attack.  A  superposition  of  curves  for  a  particular  air¬ 
foil  at  several  angles  of  attack  or  for  airfoils  of  different  maximum 
thickness  (in  terms  of  per  cent  chord)  at  identical  angle  of  attack  may 
permit  the  interpolation  Or  extrapolation  of  existing  result  s, 

3-6.1  Influence  of  Angle  of  Attack  on  Rate  of  Water  Impingement 

Impingement  data  for  a  few  airfoils  at  more  than  one  angle  of 
attack  are  available.  Figure  3"S5  is1  a  graph  of  the  ratio  E „/Em  0  versus 
angle  of  attack  cc,  the  quantity  Em  q  being  the  total  collection  effici¬ 
ency  at  zero  angle  of  attack.  The  curyjss,  which  represent  the  2  per  cent 
double  wedge ,  the  symmetrical  5  per  cent  airfoil,  and  the  Joukcwski  sym¬ 
metrical  15  per  cent  airfoil,  were  obtained  by  cross  plotting  the  graphs 
of  Fig.  3-8,  -9,  and  -13,  respectively .  They  are  drawn  .for  particular 
values  of  K  and  NRg  d  or  of  Kg;  but  curves  for  other  values  of  the 
parameters  can  he  constructed  whenever  exact  calculations  must  be  carried 
out.  Clearly,,  the  influence  of  increasing  the  angle  of  attack  is  to  in¬ 
crease  the  rate  of  impingement,  and  this  influence  is  greatest  for  the 
thinnest  airfoils. 

3-6.2  Influence  of  *ngle  of  Attack  on  Impingement  Area 

Increasing  the  angle  of  attack  increases  the  extent  of  impinge¬ 
ment  on  the  lower  surface  of  the  airfoil  and  decreases  it  on  the  upper 
surface.  The  influence  of  increasing  camber  is  opposite  to  that  of  in¬ 
creasing  the  angle  of  attack.  Compare,  for  example,  the  curves  of  Fig.  3-20 
at  equal  values  of  Kg  and  the  graphs  of  Fig.  3-26  and  of  Fig.  3-27  at 
corresponding  values  of  the  parameters  and 

3-6.3  Influence  of  Airfoil  Thickness  on  Total  Collection  Efficiency 

Individual  curves  showing  average  values  of  Em  plotted  against 
Kg  for  several  airfoils  at  U*  angle  of  attack  are  presented  in  the  graph 


FIG.  3-55  INFLUENCE  OFANGLE  OF  ATTACK  ON 
TOTAL  COLLECTION  EFFICIENCY 
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of  Fig.  3-56 •  Airfoils  having  thicknesses  from  l*  to  15  per  cent  are  repre¬ 
sented.  The  thinner  airfoils  display  the  highest  efficiencies,  because 
they  are  lass  effective  in  deflecting  the  droplets.  This  chart  may  be  use¬ 
ful  when  axact  data  for  a  similar  airfoil  are  unavailable. 

The  influence  of  airfoil  thickness  on  the  total  collection  effici 
ency  is  possibly  best  illustrated  by  a  cross  plot  of  Fig,  3-56  as  shown  in 
Fig.  3-57 •  Here  E  is  plotted  against  the  thickness  ratio  in  per  cent, 

111  _  I 

In  this  graph  N^0  ^  =  170  and  K  =  26.  These  values  were  selected  so 
that  the  fourth  entry  in  Table  3-ii,  calculated  for  the  6. per  cent  airfoil, 
could  be  included  for  oompjaHson..  The  curve,  which  was  faired  through  the 
points  to  show  the  tror.d,  was  drawn  beneath  the  points  of  the  cambered  air¬ 
foils.  It  appears  that  the  results  for  the  NACA  0006-61;  airfoil  may  be 
somewhat  low.  1 • 

While  the  total  collection  efficiency  is  greater  on  the  thinner 
airfoils,  it  should  be  observed  that  the  rate  of  water  impingement  on  the 
thin  airfoils  is  less  than  it  is  on  thick  airfoils  of  equal  length  under 
identical  flight  and  icing  conditions. 

3-6.1;  Influence  of  Airfoil  Thickness  on  Impingement  Area 

Impingement  areas  on  airfoils  at  b*  angle  of  attack  are  shown  in 
Fig.  3-58.  These  curves  which  represent  arithmetic  averages  for  several 
Reynolds  numbers  are  presented  to  show  the  trend.  For  accurate  results, 
particularly  with  regard  to  the  thinner  airfoils,  individual  curves  should 
be  used  (see  Section  3-u). 

Brun  et  al  (Ref.  2b)  have  made  further  comparisons  of  the  im¬ 
pingement  conditions  on  the  NACA  65A001;,  65.-208,  and  65.-212  airfoils  at 

.  .  ,  J.  X 

h“  angle  of  attack.  They  considered  one  each  of  the  three  airfoils  of 
equal  length  flying  at  the  samo  speed  and  altitude.  Then  they  investigated 
the  extent  of  impingement  and  the  rate  of  water  impingement  for  K-1  =1, 
10,  and  100.  They  came  to  the  following  conclusions: 

The  rearward  limit  of  impingement  on  the  upper  surface  decreases 
as  the  thickness  ratio  decreases.  Or  the  lower  surface,  as  the  thickness 


mac  TR  5U-313 


151 


FIG.  3-56  TOTAL  COLLECTION  EFFICIENCY  PLOTTED  AGAINST 
FOR  VARIOUS  AIRFOILS  AT  4°  ANGLE  OF  ATTACK 


FIG.  3-57  TOTAL  COLLECTION  EFFICIENCY 
PLOTTED  AGAINST  THICKNESS 
OF  AIRFOIL  AT  4®  ANGLE  OF 
1  ATTACK 
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FIG.  3-58  IMPINGEMENT  AREA  VERSUS  Ks  FOR  VARIOUS  AIRFOILS 
AT  4°  ANGLE  OF  ATTACK. 


ratio  decreases,  the  limit  of  impingement  increases  appreciably  in  cases 
where  K-^  ^  1.  But  for  K~  &  10  the  impingement  area  increases  only 
slightly.  In  general,  a  decrease  in  thickness  ratio  will  result  in  less 
total  water  being  spread  over  a  larger  area  of  the  lower  surface. 

3-7  Tapered  Wings 

Some  remarks  regarding  tapered  wings  have  already  been  made  in  Section 
3-3«2.  In  addition,  it  might  be  observed  that  the  rate  of  catch  is  greater 
outboard  for  small  droplets  than  it  is  inboard  and  that  the  reverse  is 
true  for  large  droplets.  The  explanation  is  that  although  increases 
with  decreasing  chord  length,  the  projected  area  of  the  wing  in  a  plane 
normal  to  the  main  flow,  decreases.  Beyond  a  certain  value  of  droplet 
diameter,  a  further  increase  in  droplet  diameter  and  decrease  in  projected 
area  produces  relatively  small  increase  in  1^. 

A  ...  ■'  ■  ..."  ' 

'  ■  •'  ■  '  '  ‘  -  "  "  ;j 

3-8  Compressibility  Effect  in  Subsonic  Flight.  . 

Bran,  Serafini,  and  Gallagher  (Ref.  26)  evaluated  the  effect  of  com¬ 
pressibility  of  air  on  the  water  impingement.  They  found  that  for  a  cylin¬ 
der,  it  was  negligible  up  to  the  flight  critical  Mach  number.  Their  cal¬ 
culation  revealed  that  the  greatest  effect  of  compressibility  on  the  water 
impingement  occurs  at  K  =  5  and  <£>  =»  50,000  with  a  decrease  of  col¬ 
lection  efficiency  of  less  than  3  per  cent. 

'  The  extension  of  the  results  obtained  with  a  cylinder  to  an  airfoil 
is  Justifiable,  because  the  incompressible  flow  fields  of  cylinders  and 
airfoils  are  similarly  altered  by  compressibility.  Furthermore,  the  flow 
field  around  the  nose  auction  of  the  airfoil,  where  impingement  occurs,  is 
not  affected  to  a  significant  degree  by  compressibility. 

Aerodynamic  considerations  show  that  a  change  of  the  airflow  field 
which  might  be  caused  by  placing  the  airfoil  at  an  angle  of  attack  would 
tend  to  shift  the  location  of  the  maximum  difference  between  the  compressible 
and  incompressible  flows  toward  the  leading  edge  of  the  upper  surface  and 
toward  the  .tail  on  the  lower  surface.  However,  the  same  change  also  shifts 
the  area  of  impingement  in  the  same  fashion;  therefore,  the  area  of 
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impingement  would  remain  in  the  region  where  the  effect  of  compressibility 
is  of  no  practical  consequence,  and  it  appears  that  for  airfoils  as  well 
as  cylinders  the  effect  of  compressibility  is  negligible  up  to  the  critical 
Mach  number. 

3 -9  Swept  Tings  in  Subsonic  Flight 

Dorsch  and  Brun  (Ref.  35}  have  discussed  the  general  effect  o,f  wing 
s^reep  on  aloud  droplet  trajectories  and  swept  wings  of  high' aspect  ratios 
moving  at  subsonic  speed.  They  proposed  a  method  to  extend  the  impinge¬ 
ment  data  of  non- swept  wings  to  swept  wings. 

They  show  that  for  swept  wings  of  high  aspect  ratio  and  small  taper, 
it  is  possible  to  obtain  the  x,y-projection  of  the  droplet  trajectories 
around  it  from  two-dimensional  trajectory  data  by  using  the  component  of 
the. free. stream  velocity  and  the  angle  of  attack  in  the  plane  normal  to 
the  leading  edge  when  evaluating  the  various  dimensionless  parameters.  The 
spanwise  displacement  of  the  droplets  causes  a  small  spanwise  shift  of  the 
impingement  point.  For  droplets  not  of  uniform  size,  each  size  will  be 
shifted  spanwise  a  slightly  different  amount,  but  the  net  chordwise  impinge 
raent  in  the  normal  plane  at  each  spanwise  station  will  be  the,  sams  as  the 
net  chordwise  impingement  calculated  from  the  x,y-compone,nt  of  the  tra¬ 
jectories  when  the  given  droplet-size  distribution  is  used. 

>10  Water  Impingement  in  Supersonic  Flight 

It  appears  that  if  the  ambient  temperatures  are  0*F'  or  higher  (which 
includes  90  to  95  par  cent  of  recorded  ioing  conditions)  icing  will  not 
occur  at  supersonic  speeds.  If  all  possible  icing  conditions  are  con¬ 
sidered,  very  high  speeds  would  be  necessary  to  prevent  icing  by  aero¬ 
dynamic  heating. 

Callaghan  and  Serafini  (Ref.  30  and  31)  performed  an  analytical  in¬ 
vestigation  with  experimental  confirmation  on  icing  of  a  diamond  (double 
wedge)  airfoil  at  flight  Mach  numbers  as  high  as  1.1*.  Because  of  the 
limited  interest  in  these  extreme  conditions  this  problem  will  not  be  con¬ 
sidered  any  further  in  this  manual. 
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3-11  Distribution  of  Droplet  Size  In  Clouds 

In  the  preceding  analysis  droplets  of  uniform  size  were  assumed. 
Actually,  droplets  of  different  sizes  are  usually  present  in  the  same 
cloud.  It  has  been  a  common  practice  to  use  the  mean-effective  droplet 
diameter  in  calculating  impingement  data.  For  increased  accuracy,  however, 
a  weighted  aura  corresponding  to  the  .specific  droplet-size  distribution 
pattern  should  be  used.  In  particular,  area  of  impingement  is  determined 
by  the  largest  diameter,  rather  than  the  mean-effective  droplet  diameter.. 

For  convenience,  Langmuir  and  Blodgett  (Ref.  81)  defined  five  dif¬ 
ferent  ,  droplet-size  distribution  patterns  as  shown  in  Table  3-5*  The  size 
is  expressed  as  the  ratio  of  the  average  droplet  radius  a  in  each  size 
group  to  the  mean  effective  droplet  radius  '  a  ,  ' 


Table  3-5  WATER  DROPLET  DISTRIBUTIONS 


Droplets 
in  each 

Bize  group 
(per  cent } 

"i  "  V.  1 

a/a0 

/ 

A 

Distributions 

B  l  '  C 

D 

E 

5  , 

1.00 

0.56 

0.U2- 

0.31 

0.23 

10 

'  1.00 

0,72 

0.61 

0.52 

O.Wi 

20 :  /  ■ . 

.  1.00 

0.8U 

0.77 

0.71  . 

0.65 

30  / 

1.00 

1.00 

1.00 

1.00 

1.00 

■/  ;  20  ' ' 

1.00 

147 

1.26"' 

1.37 

l.US 

10 

1.00 

/  1.32 

1.51 

lv7li 

2.00 

5 

1.00 

1.U9 

1.81 

2.22 

P.71 

A  complete  analysis  requires  that  the  impingement  rate  be  calculated 
for  each  droplet  size.  The  rates  of  catch  are  then,  summed  in  proportion 
to  the  amounts  of  water  present  in  each  size  group.  For  ordinary  design 
purposes  this  idea  of  distribution  need  not  be  used.  It  is  usually  found 
necss8ary  in  a  testing  program  when  it  is  desired  to  bring  results  from 
experiments  and  the  theory  into  good  agreement., 
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3-12  Miscellaneous  Re nark a  on  Hater  Impingement 

It  Trill  be  assumed  in  the  following  chapters  that  all  the  water  im¬ 
pinging  on  the  airfoil  according  to  the  trajectory  data  will  have  to  be 
removed  from  the  heated  surfaces  by  evaporation.  The  assumption  nay  be 
somei/hat  conservative  because  there  are  mechanisms  which  decrease  the  rate 
of  impingement  before  the  water  reaches  the  airfoil  or  remove  the  water 
after  it  has  collected  on  the  airfoil  surface. 

3-12.1  Pre-Evaporation 

So  far  it  has  been  supposed  that  the  water  droplets  do  not  change 
size  as  they  approach. the  airfoil.  The  fact  is  that  as  a  droplet  moves 
toward  the  stagnation  region  of  an  airfoil,  particularly  at  high  speed,  its 
size  diminishes  by  evaporation.  Lowell  (Ref.  85)  investigated  such  droplets 
analytically  and  came  to  the  conclusion  that  evaporative  losses  nay  be 
several  per  cent  of  the  droplet  mass.  A  small  droplet  approaching  along 
a  stagnation  line  may  even  evaporate  completely  and  never  reach  the  airfoil. 

3-12.2  Bounce-Off 

Langmuir  (Ref.  80)  suggested  that  droplets  may  bounce  off  a  sur¬ 
face.  This  problem  was  further  studied  by  Schaefer  (Ref.  113).  He  found 
that  when  droplets  of  100  microns  diameter  or  larger  would  inplnge  on  a 
clean  surface  of  a  thick  water  layer  they  would  not  merge  with  the  water 
but 'instead  would  bounce  or  "skate"  a  distance  of  50  centimeters  or  more. 
The  skating  stops  when  the  surface  becomes  even  slightly  contaminated,  and 
the  droplets  enter  the  water  upon  initial  contact  with  the  Surface.  The 
skating  stops,  also,  when  the  depth  of  the  water  layer  is  reduced  to  a 
fraction  of  a  millimeter. 

No  direct  experiments  to  evaluate  the  effect  of  bounce-of’f  during 
flight  seem  to  be  available.  However,  the  experimental  results  found  by 
Gelder  and  Lewis  (Raf.  US)  on  heat  transfer  are  in  better  agreement  with 
analysis  if  it  is  assumed  that  no  bounce-off  occurs. 
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>12.3  Bl  otr  off 

Hardy  (Ref.  $h)  has  suggested  that  some  water  may  be  lifted  or 
blown  off  a  wet  surface.  However ,  experimentation  reported' on  by  Tribus 
(Ref.  I2I4)  indicates  no  blowoff.  In  that  investigation,  which  was  per¬ 
formed  by  T.  B.  Gardner,  all  water  pumped  out  through  the  leading  edge  of 
an  airfoil  was  collected  downstream)  the  mass  balance  showed  that  no  water 
was  torn  from  the  surface.  Boelter  et  al  (Ref.  16)  analysed  the  forces 
which  might  act  to  remove  a  drop  from  a  surface.  They  found  no  net  force 
to  which  they  could  attribute  its  being  blown  away. 
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Chapter  ht  HEAT  AND  MASS  TRANSFER  BY  CONVECTION 

It— 1  Internal  and  External  Heat  Transfer 

Heat  ia  transferred  directly  from  the  hot  air  in  the  double-skin  pas¬ 
sages  to  the  outer  skin  by  convection;  some  is  transferred  indirectly  by 
conduction  through  the  inner  skin.  A  part  of  the  heat  leaves  the  outside 
surface  of  the  airfoil  'by  convection,  another  part  by  evaporation;  both 
these  processes  occur  on  the  exterior  surfaces  within  the  narrow  region  of 
the  boundary  layer  and  are  closely  related. 

The  reader  should  take  care  to  observe  whether  he  is  considering  a 
local  or  ia  mean  coefficient  of  heat  transfer.  Local  rates  of  heat  transfer 
are  used  to  analyze  the  performance  of  a  given  anti-icing  system.  Average 
rates  are  employed  in  preliminary  design  calculations. 

In  this  chapter,  equations  for  calculating  the  coefficients  are  prs-  . 
sented.  In  Chapter  6,  the  rates  of  heat  transfer  are  calculated. 

1-1.1  a.  Convection  oj‘  Heat  at  Low  SpeedB 

The  rate,  of  convection  from  unit  area  of  heated  surfaces  In  a  low- 
speed  air  stream  is 

q«  »  h(Ts  -  T0>’  (t-D 

where  h  denotes  the  local  coefficient  of  hea.t  transfer.^"  Subscripts  s  . 
and  o  refer  to  the  surface  and  free  stream,  [respectively,  and  T  is  tha 

i  ® 

local  absolute  temperature  of  the  surface  at  profile  distance  b  from  the 
stagnation  point. 

The  coefficient  h  depends  mainly  on  the  local  air  speed  and  the 
distance  from  the  leading  edge.  It  also  depends  on  the  air  properties. 


The  quantity  h  is  sometimes  called  the  point  unit  conductance;  a 
mean  value  is  then  said  to  be  the  average  unit  conductance.  The  units  are 
B/hr  ft2  F. 
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At  high  speeds  frictional  or  aerodynamic  heating  has  an  important 
effect  and  Eq.  I4-I  must  be  modified  to  become  applicable.  The  frictional 
heating  reduces  the  rate  of  heat  transfer  by  convection.  It  has  been  found 
(Hef.  39  and  I4O)  that  the  following  modification  or  generalization  of 
Eq.  I4-I  accurately  gives  the  net  rate  of  heat  transfer  by  convections 


fl  =  h  T  -  T,  - 


V  2g  J  c„ 


h  <T»  -  V 


where  n  is  the  local  recovery  factor  (Section  ii-2)  and  T  ,  defined  by 

|T  flit 

this  equation,  Is  known  as  adiabatic  wall  temperature.  Subscript  1  refers 
to  the  local  conditions  at  the  outer  edge  of  the  boundary  layer,  which  are 
discussed  in  Section  I4-3.  In  Eq.  b-2*  employing  *  ft/sec,  g  =  32.1? 

ft/eec^,  J  =  778  ft  lb/B,  and  c  *  0.21^0  B/lb  F,  the  product  2gJc  s 

n.  5  P#a  P>a 

12,010  ft  /see *  P.  At  low  speeds  the  last  term  in  the  parentheses  is 
relatively  small  and  can  be  neglected,  T.^  is  hardly  any: different  from 
Tq,  and  Eq.  Ii-2  reduces  to  Eq.  ii-1.  A  particularly  interesting  feature 
of  Eq.  l»-2  is  that  the  coefficient  h  can  be  evaluated  from  data  of  low- 
speed  experiments  in  which  Eq.  li-1  is  used  as  a  definition  of  h. 


li-2  Local  Recovery  Factor 

The  quantity  is  found  by  both  experiment  and  theory  (Ref.  39 

and  65)  to  defend  upon  whether  the  flow  in  the  boundary  layer  is  laminar 


Or  turbulent  and  bn  the  Prandtl  number  of  air  (N«  = 


^Vk)  - 


For  the  range  of  temperatures  encountered  in  the  present  application, 
the  Prandtl  number  of  air  may  be  taken  to  bs  constant  at  the  average  value 
0.71  (see  Table  A-2). 


lt-2.1  Evaluation  of  for  the  Laminar  Boundary  Layer 

In  the  case  of  laminar  heat  heat  transfer, 
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U-2  2  Evaluation  of  ^  for  the  Turbulent  Boundary  Layer 
In  this  case, 

v  =  $£ ■  =  °-89  (w«> 

I4.— 3  Evaluation  of  Air  Properties  at  the  Outer  Edge  of  the  Boundary  Layer 

In  order  to  use  Eq.  h-2  and  some  subsequent  equations,  the  local 

static  absolute  pressure  p^s  the  local  static  absolute  temperature  T^, 

and  the  local  velocity  will  have  to  be  evaluated.  For  this  purpose 

flow  along  the  outer  edge  of  the  boundary  layer  is  assumed  to  be  isentropic. 

Also,  the  free  stream  Mach  mumber  M  is  assumed  to  be  below  the  critical 

c  1 

value  so  that  the  flow  is  either  incompressible  or  subsonic,  without'  shock. 

1^3.1  Preliminary  Evaluation  of  and  T^ 

Since  p^  and'  depend  upon  the  free-stream  absolute  static 
pressure  pQ  and  temperature  T  ,  which  are  arbitrary  design  parameters, 
exact  evaluation  of  p^  and  la  not  always  necessary.  For  a  preliminary 

calculation  satisfactory  results  are  obtained  by  placing  =  pQ  ,  and 
T1  =  To’  tha  Pressure  P0  b^ing  found  opposite  the  given  pressure  altitude 
in  a  table  of  the  Properties  of  the  Standard  Atmosphere  (Table  A-l). 

'  j  ^  \  i 

ii— 3.2  Incompressible  Flow 

For  M0  0,3  the  flow  may, be  assumed  incompressible,  so  that 
=  0  .  It  follows  that  s  Tq  and  that  from  Bernoulli’s  equation 


^The  free  stream  Mach  number  Nin  is  the  ratio  of  the  free  stream 
velocity  U0  to  the  velocity  of  sound  aQ  in  the  free  stream.  Since  at¬ 
mospheric  air  can  be  considered  an  ideal  gas,  the  velocity  of  sound  in  air 
depends  only  on  the  temperature.  Tables  A-l  and  -2  give  the  velocity  of 
sound  in  air  as  a  function  of  the  temperature.  The  chart  of  Fig,  A-2  may 
bo  used  to  evaluate  Mach  numbers  for  a  given  speed  and  temperature. 
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In  this  equation  £pj  =  lb/ft^  when  =  slug/ft^  and  QQ  -  ft/sec. 

To  convert  from  lb/ft^  to  in. -mercury  see  Table  A-lu  In  Ref.  1,  ratios 
{ Ui/U0 )  and  are  tabulated  as  a  function  of  chordwise  distance 

for  several  airfoils  of  basic  thickness  fora  (symmetrical  airfoils).  The 
authors  show  by  example  how  their  tabulated  valuo3  can  be  modified  to  allow 
for  finite  camber  and  angle  of  attack.  Thus,  U^/UQ  and  can  be  cal¬ 
culated  as  a  function  of  s/L. 

In  numerous  other  references  dealing  with  properties  of  airfoils, 
the  pressure  coefficient, 


is  given  as  a  function  of  chordwise  distance  in  graphical  or  tabular  form, 

,  For  some  preliminary  calculations  it  will  be 
to  employ  the  following  mean  velocity  and  to  assume  it 
entire  heated  surface  (Ref.  89  and  117)  t 

».  a  “o  (x  ±  rairs) 

The  positive  sign  is  for  the  'upper  surface  and  the  negative  sign  for  the 
lowerj  is  the  lift  coefficient  and  a  is  the  angle  of  attack. 

li-3«3  Compressible  Flow  7 

If  M0  more  accurate  results  will  be  obtained  by  consider¬ 
ing  that  the  flow  is  compressible}  then  the  density  ^  is  not  uniform  and 

*1  *  V 

At  high  subsonic  velocities  of  the  free  stream,  the  local  velocity 
ih  at  any  points  may  reach  the  local  velocity  of  sound.  The  corresponding 
value  of  the  free  stream  Mach  number  is  called  the  critical  Mach  number. 

Below  toe  critical  Mach  number  the  flow  is  said  to  be  subsonic.  The  present 

discussion  has  bean  limited  to  flow  in  this  region,  for  at  higher  speeds 
aerodynamic  heating  becomes  an  increasingly  significant  quantity,  reducing 
the  thermal  energy  required  from  the  anti-icing  system.  Information 


found  convenient 
is  uniform  over  the 

(14-7) 
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regarding  heat  transfer  calculations  in  the  cases  of  transonic  and  super¬ 
sonic  flows  around  airfoils  can  be  found  in  Ref.  65. 


The  distribution  of  the  pressure  coefficient  for  subsonic 

speeds  at  any  point  on  an  airfoil  may  be  found  in  terms  of  the  pressure 

coefficient  for  incompressible  flow  C  . .  The  following  equation,  due 

P,1 

to  Karman,  is  in  good  agreement  with  experimental  results  on  the  forward 
regions  where  separation  does  not  occur  and  gives  a  good  approximation  up 
to  the  critical  Mach  number  for  most  airfoils  (Ref.  62). 

c  * . ..T.  V . - 

P  f*  4  2  Cp,i  (1  " 

where 

■ 

P  =  a  -  mJ) 

With  given  free  stream  Mach  number  and  the  distribution  of  C 

■  -j  p 

the  properties  at  the  outer  edge  of  the  boundary  layer  may  be  calculated 
by  means  of  the  fallowing  equations  (Ref.  65*  Section  II): 


(U— 8) 

(». 

(U-9)1 


(la-10) 

(la-11) 

(la-12) 

(la-13) 


Figures  la-1,  -2,  -3,  and  -la,  reproduced  from  Ref.  65,  may  be  used  as  aids 
in  the  calculations.  Tho  equations  and  figures  are  based  on  the  value 
<  =  l.la05  for  the  ratio  of  specific  heats. 

Alternatively,  for  subsonic  flow  p  =  cos  sin-^"  M0- 
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-2.0  -1.6  -!.  2  -0.8  -0.4  0.0  04  0.8 

PRESSURE  COEFFICIENT  Cp 

FIG.  4-1  ISENTROPI C  PRESSURE  RELATIONSHIP 
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FIG.  4-2  ISENTROPIG  TEMPERATURE  RELATIONSHIP 


FIG.  4-4  ISENTROPIC  DENSITY  RELATIONSHIP 


In  some  references  on  airfoil  data  the  pressure  coefficient  is 

not  given  and,  instead,  the  ratio  p^/HQ  is  plotted  against  the  ch endwise 
distance.  Here  p^  is  the  local  pressure  as  before,  and  is  the  free 

stream  stagnation  or  total  pressure; 


H„  5 
o  c 


+  F„ 


(U-Ili) 


where 


1  + 


H  M  6  +  W 


M 


(14-15) 


which  is  plotted  on  the  abscissa  of  the  chart  in 
ship  between  the  pressure  coefficient 


and 


if- 


<  -1 


**Pj1 


tc  M 


Fig.  A-3. 
the  ratio 


The  relation- 
P.l/H0  is 


(14-16) 


.U-li  Calculation  C,f  Profile  Distances 

In  order  to  calculate  certain  quantities  regarding  rates  of  heat 

"  ■  ,  ’v,  ...  •  .  r 

transfer  and  mass  transfer,  and  to  relate  impingement  areas  to  chordwlse 
distance,  profile  distances  from'  the  geometric  leading  edge  of  tho  airfoil 
are  needed.  Profile  coordinates  can  usually  be  found  tabulated  in  the 
literature.  For  sxample,  Ref.-  1  contains  tabulations  of  the  profiles  of 
many  of  the  low-drag  airfoils.  Employing  those  data,  one  can  lay  out  tho 
airfoil  to  large  scale  and 'measure  dimensionless  distances  s i/L  along 
the  profile  using  dividers  and  scale.  Or,  the  distances  can  be  calculated 
in  an  approximative  way  suggested  by  Falkner  (Ref.  I4.1! ) .  This  method  is 
summarized  below.  A  tabulation  of  the  x,y-coordinates  of  the  profile  is 
required  to  start  the  calculation. 


Falkner1 s  method  is  based  on  the  idea  that  circular  aros  passing 
through  successive  set3  of  three  points  can  be  used  to  approximate  the 
profile.  The  profile  lengths  are  taken  to  be  equal  to  the  summation  of  the 
circular  arc  lengths.  Figure  U-5  facilitates  the  calculations.  In  the  fol¬ 
lowing  steps  all  distances  are  ratios  of  t.he  chord  length  L- 
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Step  I.  Let  three  successive  points  be  (xQ,yo)}  (x-^,y^)j  and  (x^y^). 

See  the  upper  right-hand  corner  of  Fig.  U-5.  Calculate  Ax,  H  x,  -  x  , 

X  X  o 

Axg  5  x2  «  5^,  Ay1  =  yx  -  y0,  and  Ay2  s  yg  - 
Step  2.  Calculate  the  ratio, 

r  _  radius  of  arc 
S'  “  oil  ora  of  arc 

.  [(Z»g)a  +  (Ay,)^ 

2  K  •  Ay2  -  Ax2  •  Ay^  J 

Step  3 .  Entering  Fig.  ii-5  with  the  ratio  found  in  Step  2  find  a/b,  the 
ratio  of  the  circular  arc  length  012  to  the  chord  02  of  the  arc. 

Step  it.  Calculate  b,  the,  chord  of  the  arc. 

.  '  -  •  .i 

b  =  J^(Ax1  +  Axg)2  +  ( Ayx  +  Ay2)2J  '  (li-18) 

This  is  the  rectilinear  distance  from  Point  0  to  Foint  2. 

Step  5'.  Multiply  the  results  of  Steps  3  and  I4  to  obtain  a,  the  circular 
arc  length  from  Point  0  to  Point  2. 

Step  6.  Repeat  Steps  1  to.  $  using  the  next  three  points:  (x2,yt,)  j  (x^,y^) 
and  (xj^y^).  And  so  forth. 

Step  7.  The  sum  of  the  a' 3  is  approximately  ^  As  =  a.  Any  profile 
distance  s  can  then  be  found  from  a  graph  of  s  plotted  against  the 
ehordwise  distance  x. 

1-5  Evaluation  of  the  Coefficients  of  Heat  Transfer  on  the  Exterior  Surface 
of  an  Airfoil 

In  the  following  presentation  all  distances  s  are  measured  along  the 
profile  from  the  geometric  leading  edge  (point  of  intersection  of  the  chord 
line  and  the  profile) .  The  equations  are  based  upon  the  assumptions  that 
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the  surface  temperature  Tg  is  uniform  and  that  the  flow  is  incompressible 
Unless  othervri.se  stated,  fluid  properties  are  evaluated  at  the  temperature, 

tf  =  (tg  +  to)/2  (li-19) 

Finally,  no  distinction  is  made  between  the  coefficients  of  heat  transfer 
on.'dry  and  wet  surfaces,  and  the  influence  of  the  presence  of  moisture, 
which  has  little  effect  on  most  air  properties,  is  neglected.  Deviations 
from  some  of  these  restrictions  are  considered  in  Sections  h-9  and  -12 . 

Two  methods  of  calculating  the  coefficient  of  heat  transfer  are  pre¬ 
sented:  the  "flat  plate"  approximation  and  the  "wedge  flow"  approximation. 
The  latter  appears  to,  be  generally  more  accurate  but  requires  more  time. 
For  thin  airfoils,  results  from  the  flat  plate  approximation  appear  to  be 
satisfactory. 


lt-6  Flat  Plate  Approximation 

"  First  approximations,  which  may  be  sufficiently  accurate  for  most  pur¬ 
poses,  can  be  easily  obtained  by  replacing  the  leading  edge  with  a  cylinder 
and  the  afterbody  with  a  flat  plate  (Ref,  15  and  89).  The  best  accuracy 
appears  to  be  obtained  for  full-scale,  thin  airfoils  in  high-speed  flow 
with  long  heated  lengths. 

U-6.1  Heat  Transfer  from  the  heading  Edge  Region 

Measurements  of  the  local  coefficient  at  angle  <fi  from  the 
point  of  stagnation  on  a  heated  cylinder  (Ref.  115)  have  been  represented 
by  means  of  the  equation. 


M  .  s  1,1b  N?*5,, 
Nu,d  Re,l) 


N, 


J0.it 


'Pr 


where  Njju^  3  ^  3  and  Oi  ^  ^  90*.  In  application  to 

an  airfoil,  the  leading  edge  having  radius  of  curvature  D/2  is  replaced 
by  the  cylinder  of  diameter  D»  Oust  ana rily,  this  diameter  is  expressed 
as  the  ratio  B/L  where  1,  Is  the  chord  length.  Also, 


■at. 

/* 


/ 

l1- 


£ 

90 


0 


(1*-2P) 


1?2 
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*)  =  360i 
¥  *  D 

0.71,  eliminating  ^ 


(i-a) 

from  Eq.  i-20  and  -21,  and  .Intro- 


Placing  Npr 

ducing  the  chord  length  L  instead  of  the  leading  edge  diameter,  as 
characteristic  length  in  the  Nusselt  and  Reynolds  numbers. 


Vi  -  nw  1 •  °<§ ,  i) 

(1*— 22) 

where  N^e  L  E  U^L  and  the  fa,otor 

«f.  E>  s  '  8-°6  <E)3'5  'l'3] 

(U-23) 

nay  be  evaluated  by  means  of  Figi  i, — 6 .  In  this  chart  the  leading  edge 
radius,  expressed  as  per  cent  of  the  chord  length,  replaces  the  parameter 
L/D„  The  charts  of  Fig.  A— it  and  -5  taken  from  Ref.  3  may  be.  found  con-, 
venient  to  calculate  the  Reynolds  number  N^  5  tiL  P0//U<0>  when  the  Mach 
number  MQ  is  known.  Also,  the  charts  of  Fig.  h-7  and  -8  can  be  used 
for  15°F  icing  atmosphere  at  10,000  and  20,000  ft  pressure  altitude,  re¬ 
spectively.  After  the  Nusselt  number  hL/k  has  been  calculated,  the  co¬ 
efficient  h  may  be  found  for  15*F  atmosphere  (k  =  0.01352  B/hr  ft  F), 
using  Fig.  it— 9 . 

The  product  of  the  powers  of  the  fluid  properties  in  Eq.  it— 22 , 
excluding  the  density,  has  been  expressed  as  a  function  of  the  temperature 
T-  with  the  result  that  it  majr  be  written  in  the  dine nsi oral  form, 

0  /U  p\0,?  T 

.  h  =  0.185T (lt-24) 

where  £hj  =  B/hr  ft^,  F;  QjJ  =  ft/ sec j  =  lb/ft' :  =  ftj  and 

M  «  *R.  Based  on  the  thermal  properties  of  air  in  Table  A-2,  Eq.  lt-2lt 
represents  Eq.  i-22  within  +  1  per  cent  in  the  range  of  temperature  from 
0  to  liO’F. 


it-6.2  Heat  Transfer  from  the  After  Region  —  Laminar -Regime 

In  the  simplified  treatment  (Ref.  89)  the  airfoil  shape  downstream 
of  the  cylindrical  part  is  tfeated  as  a  flat  plate.  Whereas  the  velocity 
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FIG.  4-7  CHART  OF  REYNOLDS 
NUMBER  FOR  IO,OOOft 
AND  15°  F 
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FIG.  4-8  CHART  OF  REYNOLDS 

NUMBER  FOR  20,000  ft 

AND  15°  F 
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FIG.  4» 9  CHART  OF  NUSSELT  NUMBER  FOR 
AIR  AT  15 °F 
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outside!  the  boundary  layer  is  uniform  on  a  flat  plate,  it  is  variable  on 
the  airfoil.  In  the  present  and  the  next  sections,  calculations  aw  made 
under  the  assumption  that  the  local  heat  transfer  coefficient  at  distance 
s,  -where  the  local  velocity  outside  the  boundary  layer  on  the  airfoil  is 
U^,  equals  the  local  heat  transfer  coefficient  at  distance  s  from  the 
leading  edge  of  a  flat  plate  in  a  uniform  stream  of  velocity  U^. 


In  the  laminar  regime  the  local  coefficient  of  heat  transfer  on 
a  flat  plate  in  a  uniform  stream  of  velocity  is  given  by 

Aisf\0,5 


ns 


T  ‘  »•»*  •  V 

Accordingly,  on  an  airfoil 


>  / 


NNu,t  *  0,286  KRe^L  •*  *  VI 


CU-25) 


(lr26) 


Similarly,  as  -with  Eq.  b-22  and  -2li,  the  following  dimensional  equation  has 
been  obtained  t 


h  =  0.0530  T0,5/-^ 


>0.5 


(-) 

's' 


0.5 


(h-2?) 


it— 6.3  Heat  Transfer  from  the  After  Region  —  Turbulent  Regime 

In  the  turbulent  regime  the  local  coefficient  of  heat  transfer 

■i  '  ■ 

on  a  flat  plate  in  a  uniform  stream  of  velocity  ic  given  by* 


hs 


^  =  0.0296  N 


,0.8 


(lt-28) 


Even  though  the  turbulent  boundary  layer  is  preceded  by  a  laminar  boundary 
layer,  the  distance  s  is  maasured( from  the  leading  edge}  this  is  in  ac¬ 
cordance  with  Prandtl's  assuaption  regarding  the  influence  of  transition 
on  the  turbulent  boundary  layer*  It  follows  that  on  an  airfoil 

'°'8  ,  0.2 

(h-29) 


.,0.8 


'  U. 


“»u,L  -  »b,;l  Is;; 


<§> 


And  again  in  the  dimensional  form, 
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h  =  0.711 


W-S&V  4» 


0.8 


0,2 


(U-30) 


f  V-rO.z^y  's' 

it- 7  Evaluation  of  Local  Coefficients  of  Laminar  Heat  Transfer  by  means 
of  Wedge  Flow  Approximations 

Another  method  to  calculate  local  coefficients  of  heat  transfer  in 
the  entire  laminar  regime  (including  both  the  leading-edge  region  and  the 
laminar  region  beyond)  ie  based  on  so-called  -wedge  flow  approximations. 
Predicted  results  are  reportedly  in  better  agreement  with  exact  solutions 
and  with  experiments  than  are  the  flat  plate  solutions,  particularly  with 
regard  to  thick  airfoils.  This  nethod  has  the  disadvantage  of  requiring 
auxiliary  calculations  and,  therefore,  should  be  used  only  when  it  is  re¬ 
quired  to  have  accuracy  greater  than  that  provided  by  the  flat  plate  so¬ 
lutions  presented  above. 

The  flow  outside  the  boundary  layer  on  a  wedge  nay  be  represented  by 
an  equation  of  the  type, 


U1  =  C  •  s 


.a 


( U— 31) 


where  m  is  a  constant  known  as  the  Euler  number}  it  depends  upon  the 
angle  included  by  the  wedge.  The  quantity  C  is,  also,  a  constant  but 
does  not  enter  the  calculations. 

Boundary-layer  calculations  for  wedges  are  exact.  The  idea  of  the 

-is 

wedge  flow  approximative  calculations  is  to  replace  the  flow  at  each  point 
oh  the  airfoil  with  a  corresponding  exact  solution  on  the  wedge. 

The  first,  step  is  to  determine  a  value  of  m  for  each  point  where 
the  coefficient  is  desired.  Employing  Eq.  li-3l  and  expressing  m  in  terms 
of  U-^  and  dU^/ds, 
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Accordingly,  U^/U  should  be  found  as  a  function  of  s/Lj  the  differentia¬ 
tion  can  be  performed  graphically  or  numerically. 


The  second  step  is  to  evaluate  the  quantity. 


(U— 33) 


by  means  of  the  chart  (Ref*  20  and  hi)  in  Fig.  h-10.  The  local  coefficient 
can  then  be  calculated-.  It  may  be  noted  that  the  conductivity  and  dynamic., 
viscosity  are  evaluated  at  the  surface  temperature.  But  if  the  temperature 
difference  is  small,  the  properties  of  the  free  stream  may  be  used.  Further, 
if  the  speed  is  moderate,  the  ratio  jj  «  1. 

For  a  circular  cylinder,  this  method  yields  coefficients  which  are  ' 
within  15  par  cent  of  experimental  values.  Greater  accuracy  is  claimed  for 
streamline  bodies  (Ref.  hi). 


A  so-called  equivalent  wedge-type  flew M  method  has  been  brought  i^o 
a  convenient  form  for  calculations  (Ref.  hi).  A  modification  of  the  wedge- 
type  solution,  it  accounts  in  an  approximate  vray  for  the  previous  history 
of  the  boundary  layer.  It  gives  higher  accuracy  for  more  3hapes  than  the 
simpler  theory.  However,  each  calculation  requires  the  solution  of  a  dif¬ 
ferential  equation  by  a  combination  of  charts  and  graphical  constructions. 


h-8  Influence  of  Temperature  of  the  Air  on  Coefficients  of  Heat  Transfer 
Theoretically,  thermal  conductivity  and  viscosity  should  be  evaluated 
at  t.he  surface  temperature.  However,  this  procedure  has  not  always  given 
the  best  possible  correlations  of  experimental  results.  The  main  rule  re¬ 
garding  fluid  properties  is  to  evaluate  them  at  the  temperature  recommended 
for  the  particular  theoretical  or  empirical  equation  being  employed. 


The  influence  of  the  air  temperature  on  the  coefficient  of  heat  trans¬ 
fer,  insofar  as  the  fluid  properties  are  affected  by  temperature,  is 
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FIG.  4-10  CHART  FOR  WEDGE  FLOW  APPROXIMATIONS 


relatively  small,  in  the  present  application.  One  reason  is  that  vdthin  the 
range  of  temperature  differences  encountered  in  the  present  application, 
the  fluid  properties  change  relatively  little. 

Another  reason  is  that  the  coefficient  depends  upon  the  fluid  proper¬ 
ties  in  a  self -compensating  manner.  For  example,  in  Eq„  k-2h,  since  the 
density  varies  inversely  with  the  absolute  temperature  T^,  the  coefficient 
of  heat  transfer  is  virtually  independent  of  the  temperature.  This  is  fur¬ 
ther  exemplified  by  Eq.  ij-27. 

Equation  lt-30,  which  is  applicable  to  the  turbulent  boundary  layer, 

.4.  ■  ! 

shows  by  like  reasoning  that  the  coefficient  of  heat  transfer  varies  in¬ 
versely  with  the  sqiiare  root  of  the  temperature.  .In  an  extreme  case,  if 
the  Surface  temperature  were  l60*F  and  the  main  air  temperature  0*F,  the 
arithmetic  mean  absolute  .temperature  would  be  5ijO*R.  Evaluating  the  fluid 
properties  at  the  free  Stream  air  temperature  instead:  of  the  mean  tempera¬ 
ture,  therefore,  would  give  a  value  of  the  coefficient  6  per  cent  higher 
than  the  correctly  calculated  value.  In  most  practical  cases  the  difference 
would  be  much  less. 

Accordingly,  for  ease  of  calculation  it  is  recommended  that  properties 
of  the  free  stream  be  enployed  in  evaluation  of  the  coefficient  of  heat' 
transfer.  From  the  practical  viewpoint  of  carrying  out  the  calculations, 
this  iteans  that,  in  Eq.  h-26  and  -29,  L  (based  on  fluid  properties  evalu¬ 
ated'  at  temperature  tf)  may  be  replaced  by  (based  on  fluid  properties 

evaluated  at  temperature  tQ),  For  t0  =  15*1,  may  be  obtained  from 

Fig.  lj-7  and  -8  at  10,000  and  20,000  ft  pressure  altitude,  respectively. 

'When  a  second  approximation  is  required,  or  when  surface  temperatures  are 
quite  high,  the  irean  temperature  t^  of  the  first  approximation  (dealt 
with  in  Chapter  6)  should  suffice  to  evaluate  the  fluid  properties.  Alter¬ 
natively,  by  making  reasonable  estimates  of  the  surface  tenperature  and 

averaging  this  with  the  ambient  plus  85  per  cent  of  ram  rise,  the  experienced 

designer  can  determine  a  temperature  which  will  give  value  a  of  the  fluid 
properties  that  lie  within  1  to  2  per  cent  of  those  computed  using  the  actual 
mB&ft  temperature. 
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Li-9  Transition  from  the  Laminar  to  the  Turbulent  Boundary  Layer  on  the 

Exterior  Surface 

Accurate  determination  of  the  distribution  of  h  along  the  exterior 
surface  requires  that  the  point  of  transition  be  evaluated.  This  point, 
located  at  distance  s^,  from  the  leading  edge,  marks  the  end  of  the 
laminar  boundary  layer.  There  the  boundary  layer  begins  to  grow  rapidly 
and  to  become  turbulent.  As  a  result  the  coefficient  of  heat  transfer  in¬ 
creases  very  much.  The  growth  may  occur  in  a  very  short  distance,  in 
which  case  the  transition  is  virtually  abrupt.  Or  it,  may  occur  along  a 
considerable  distance  before  the  boundary -layer  turbulence  becomes  fully  ; 
developed.  This  .interval  of  length  is  sometimes  called  the  region  of 
transition.  In  this  region  the  transition  point  is  probably  non-stationary. 

The  point  of  transition  is  allied  to  the  stability  of  the  laminar 
boundary  layer.  The  changing  of  factors  which  contribute  to  upset  the 
laminar  qualities  moves  the  point  of  transition  upstream.  Gazley  (Ref.  !4j) 
ha3  admirably  summarized  this  subject. 

On  a  flat  plate  high  velocities;,  roughness*  heated  areas,  evaporation, 
and  external  disturbances  reduce  S^.  In  addition,  on  an  airfoil,  ascend¬ 
ing  pressures  reduce  Hence,  a  symmetrical  airfoil  at  finite  angle 

of  attack  or  a  cambered  airfoil  will  have  a  shorter,  laminar  boundary  layer 
on  the  upper  surface  than  on  the  lower  surface.  The  disturbing  effects  of 
turbulence  in  the  main  stream  of  a  wind  tunnel ,  or  of  impinging  water  drop¬ 
lets  move  the  point  of  transition  forward.  A  major  difference  between 
full-scale  flight  and  wind-tunnel  model  experiments  is  that  the  region  of 
transition  in  full-scale  flight  is  relatively  short.  However,  whereas 
abrupt  transition  on  a  full-scale  heated  airfoil  seems  to  occur  in  clear 
air  during  free  flight,  a  region  of  transition  appears  to  occur  in  icing 
conditions. 

A  quantitative  evaluation  of  all  these  factors  is  not  possible.  Tribus 
and  Tessman  (Ref.  127,  p.  119)  have  performed  calculations  to  learn  the  in¬ 
fluence  of  the  nature  of  the  boundary  layer.  If  the  surface  is  completely  wet, 
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uncertainty  of  the  distance  '  will  not  affect  the  final  design  in  a  seri¬ 
ous  wayj  but,  of  course,  the  correct  value  should  be  used  when  it  is  known. 

To  quote  Tribus  (Bef.  12l±,  p.  VI-lli)  t 

"The  reason... is  that  for  a  given  airflow  and  air  tenperature 
inside  the  wing,  an  increased  exterior  [[coefficient  of  heat  trans¬ 
fer^  results  in  a  lower  wing  surface  tenperature,  thus  increasing 
the  effectiveness  with  whioh  the  heat  supply  from  the  heaters  my 
be  used.  The  exponential  variation  of  the  vapor  pressure  with  tear* 
perature  tends  to  stabilize  the  evaporative  system*  A  large  [[coef¬ 
ficient]]  combined  with  a  loiw*vapor*«resaure  difference  my  evaporate 
as  much  water  as  a  low  [[coefficient*]  combined  with  a  high  vapor- 
pressure  difference.  Trie  size  of  atr  ducting  and  heaters  may  well 
be  the  same  in  the  two  cases,  though  the  detailed  behavior  (surface 
tenperaturee,  air  outlet  tenperature a)  my  be  radically  different." 

Further,  in  Ref.  89  it  is  shown  that  at  high  qpeeds;  the  location  of 
the  point  of  transition  has  relatively  small  Influence  on  the  mean  coeffici¬ 
ent  of  heat  transfer,  particularly  if  the  heated  surface  is  quite  long. 

Since  the  jotxLmum  average  coefficient  occurs  when  the  point  of  transition 
is  dose  to  the  leading!  edge  it  would  seem  that  the  design  should  be  carried 
out  for  this  position  of  the  transition.  In  fact,  in  a  preliminary  calcula¬ 
tion  the  entire  boundary  layer  might  be  taken  as  turbulent. 

...Neel  (Ref.  98)  rerarks  that  and  the  extent  of  the  region  of 

transition  is  the  most  uncertain  factor  influencing  the  convective  heat 
transfer.  A  limited  amount  of  data  indicates  that  the  transition  starts 
at  the  end  of  the  area  of  iaplngeaent  (Ref.  U5  and  99  J  also,  see  the  next 
section) .  This  appears  to  be  a  good  approximation.  Specifically,  Neel 
suggests  that  the  transition  region  be  assumed  to  extend  chordwise  along 
the  surface  for  a  distance  of  about  C.75' and  that  a  linear  variation 
of  heat  transfer  coefficient  with  distance  be  taken. 

U-10  Experimental  Values  of  the  Coefficient  of  Heat  Transfer  on  AlrfoilB 
Most  experiments  on  airfoils  have  been  performed  on  models  in  wind 
tunnels.  Results  from  such  tests  are  influenced  considerably  by  the  tur¬ 
bulence  level.  The  transition  region  ray  extend  over  a  larger  percentage 
of  the  model  than  it  would  on  a  similar  full-scale  airfoil  in  flight. 
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i*-10.1  Early  Investigations 

In  Ref.  8?  results  of  tests  on  four  symmetrical  models  ranging 
from  6  to  Zh  in.  chord  length  are  summarized  and  compared  with  results  pre¬ 
dicted  by  means  of  Eq.  14-22,  -26,  and  -29.  In  general,  values  of  local  co¬ 
efficients  predicted  by  the  flat  plate  approximations  are  somewhat  low  along 
the  forward  30  per  cent,  particularly  on  the  upper  surface  at  finite  angle 
of  attack;. 

Heat  transfer  investigations  by  the  NACA  on  large-scale  airfoils 
are  reported  in  Ref.  I4  and  1;0.  Also,  Tribus  and  Tessm&u  (Hef„  127)  and  Hardy 
(Ref.  Sit)  report  on  heat  transfer  ms  a  sure  merits  made  during  flight  testa. 

14-10.2  Recent  NACA  Investigation 

tielder  and  Lewis  (Ref.  1*5)  compared  wind-tunnel  and  flight-test 
results  under  both  dry  and  wet  conditions  and  with  various  distributions 
of  the  heat  supply.  Their  model  was  an  NACA  65,2-016  at  zero  angle  of  at¬ 
tack.  The  chord  length  was  8  ft.  They  found  local  coefficients  of  heat 
transfer!  The  flight-test  data  were  taken  from  Ref.  99. 

The  transition  occurred  at  a  lower  Reynolds  number  in  the  wind 
tunnel  than  in  free  flight: and  its  range  on  the  surface  was  greater  than  in 
free  .flight,  the  transition  in  clear  atmospheric  conditions  being  practical¬ 
ly  abrupt.  In  most  cases  studied  by  the  authors,  the  transition  of  the  lami¬ 
nar  heat  transfer  duping  Icing  conditions  appears  to  occur  at  the  impingement 
limit..  The  water  in  the  air  reduced  the  transition  Reynolds  number; during 
both  flight  and  wind-tunnel  tests.  Also,  the  wet  air  conditions  effected  a 
long  transition  range  even  in  flight  tests.  For  example,  in  one  of  the 
flight  tests  during  icing  weather,  the  transition  region  appeared  to  extend 
in  the  range  of  local  Reynolds  numbers  from  about  3  *  lCr  to  3  *  10°.  Fur¬ 
ther,  results  from  some  wind-tunnel  tests  indicate  that  the  nature  of  the 
distribution  of  the  surface  temperature  also  affects  the  transition,  for  it 
appears  that  a  non-uniform  distribution  gives  a  losiger  region  of  transition 
than  does  a  uniform  distribution. 

A  very  small  region  of  laminar  heat  transfer  wrs  found  during 
flight  conditions.  The  coefficients  were  about  15  per  cent  higher  than  those 
predicted  by  Eq.  14—26.  Somewhat  better  agreement  appeared  to  occur  during 
icing  conditions.  During  the  wind-tunnel  tests,  in  a  region  of  local  Reynolds 
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number  usually  considered  to  be  laminar }  coefficients  were  at  least.  ?5  per 
cent  higher  and  usually  nearly  100  per  cent  higher  than  the  values  predicted 
by  Eq.  ij-26.  Turbulent  heat  transfer  coefficients  x..  flight  were  usually 
about  5  to  15  par  cent  higher  than  the  values  predicted  by  Eq.  h-?9>  depend¬ 
ing  upon  icing  and  flight  conditions.  In  general,  the  flat-plate  approxi¬ 
mations  give  low  values  according  to  the  studies  by  Gelder  and  Lewis.  Tills 
is  not  unusual  since  the  theory  is  not  strictly  applicable  to  the  curved  sur¬ 
faces.  Further,  the  theory  is  for  an  aerodynamic ally  smooth  surface,  and  it 
is  known  that  wing  surfaces  normally  have  minor  imperfections  that  cause 
deviations  from  ideal  conditions. 


1(-1Q.3  Recommendations  regarding  Modifications  of  Equations  used  to 
predict  Heat  Transfer  Coefficients 

The  experimental  evidence  available  so  far  has  been  obtained  by 
surmounting  numerous  difficulties.  Uncertainties  in:  the  measurements  have 
occurred,  and.  additional  experimentation  is  needed.  The  influence  of  non- 
uniformity  of  surface  temperature  has  not  always  been  accounted  for.  There¬ 
fore,  the  following  recommendations  are  made  with  a  reservation  pending  fur¬ 
ther  experimental  checks.  It  appears  from  the  experiments  and  from  the  cal¬ 
culations  performed  so  far  that  for  airfoils,  the  laminar  and  turbulent  heat 
transfer  coefficients  calculated  by  aeans  of  flat  plate  equations  should  be 
increased  about  10  per  cent.  Then  the  equations  for  laminar  heat  transfer 
on  wings  become 

'  "W,  -  °-« Cl  y!r  "  Vl 

or  U  p  0,5 

h  *  0.058h  **  (--£)  (i|-27a) 

And  for  turbulent  heat  transfer  they  become 


Vl  -  °-2S 


0.8  ; 


0.2 


(JU-2S>a) 


or 


h  =  0.782  T; 


,0 . ( 


(L-30a) 


Nomographs  for  solving  Eq.  Jj— 27a  and  -30a  appear  on  Fig.  A-6  and  -7  in  the 
appendix  at  the  end  of  this  report. 
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h-ll  Turbulent  Heat  Transfer  with  a  Temperature  Step 

In  light  icing  conditions,  the  size  of  the  heated  arsa  may  possibly 
exceed  the  wetted  area.  In  such  a  case  the  dry  heated  region  will  not 
be  cooled  by  evaporation  and  a  rather  steep  rise  of  surface  temperature 
may  occur  where  the  wetted  area  ends  and  the  dry  area  begins.  Neglecting 
the  influence  of  conductivity  in  the  outer  skin,  which  smooths  out  the 
temperature  distribution  (Ref.  16),  we  may  assume  that  the  change  is 
abrupt.  Then  we  find  that  the  coefficient  of  heat  transfer  may  change 
significantly  where  the  discontinuity  of  the  temperature  occurs.  Since 
this  will  usually  happen  in  the  turbulent  range,  the  influence  on  only- 
turbulent:)  heat  transfer  is  considered. 


I 


One  of  the  particular,  solutions  that  Rubesin  (Ref >  110)  deals  with 
may  be  dealt  with  referring  to  the  diagram  of  Fig. h-ll.  From  s  =  0  to 
s' =  e. ,  the  surface  temperature  is  t  =  t  * >  which  is  greater  than  the 

X  S  S  if  M 

air  temperature  t  .  •■For'  s  r-  s-,,  the  surface  temperature  has  the  uni¬ 
form  value  t 

B»2  ».,e 


FIG.  4-11  STEPWISE  TEMPERATURE  DISTRIBUTION 
ON  A  FLAT  PLATE 


The  coefficient  of  heat  transfer  at  any  point  is  denoted  by  h(s,s^). 
The  first  quantity  in  parentheses  denotes  the  distance  from  the  leading  edge 
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to  the  point  in  question  and  the  second  quantity  the  distance  from  the 
leading  edge  to  the  position  where  the  abrupt  change  of  surface  tempera¬ 
ture  occurs.  Thus,  h(s,0)  denotes  the  coefficient  of  heat  transfer  for 
a  surface  of  just  one  uniform  teaperature,  without  a  stepwise  change.  The 
author  shows  that  the  local  coefficient  in  the  range  s  -3*:  s^,  is 


r 


W "  to 


h(s,s1)  =  h(gfo)fcg^~r  +  -**2  ~Jy 

8,2  0  8,2  0 


39/iiO-,  -7/39 


(U-3U) 


Rubesin  also  presents  an  equation  and  graphs  to  determine  an  average 
value  of  the  coefficient  in  the  range  from  s^  to  Sg.  These  results  can 
be  applied  directly  to  an  airfoil.  Usually  an  iterative  technique  will 
be  necessary  to  find  the  proper  Value  of  t_  «. 

nib 


h-12  Influence  of  Variable  Surface  Temperature  on  the  Coefficient  of 

Heat  Transfer 

It  is  highly  improbable  that  the  Surface  temperature  of  an  airfoil 
will  be  uniform,  as  assumed  in  previous  sections.  Several  analytical  in¬ 
vestigations,  which  are  based  on  generalizations  of  the  stepwise  distri¬ 
butions  .  described  in  the  preceding  section,  have  shown  that  non-unif ormi ty 
of  the  surface  temperature  may  significantly  influence  the  coefficient  of 
heat  transfer  in  both  the  laminar  and  turbulent  regimes.  Klein  and  Tribus 
(Ref.  7h)  review  and  discuss  the  subject  of  heat  transfer  from  the  non- 
isothermal  surfaces  in  considerable  detail  and  present  a  comprehensive 
bibliography*  Also,  Scesa  and  Levy  (Ref.  112)  give  a  method  to  calculate 
laminar  heat  transfer  coefficients  for  wedge  flows  with  arbitrary  variations 
of  the  surface  temperature. 

Where  the  heat  transfer  coefficient  is  used  to  evaluate  the  distri¬ 
bution  of  temperature  on  an  airfoil  surface  for  design  purposes,  it  saeniB 
adequate  to  employ  the  coefficients  calculated  in  the  preceding  sections. 
However,  if  further  refinement  will  be  required,  an  iterative  procedure 
in  the  calculations  will  be  needed}  such  a  procedure  has  not  yet  been 
well  developed. 
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U-13  Kate  of  Evaporation  and  a  Coefficient  of  Maas  Transfer 

The  evaporation  from  the  surface  of  a  heated,  wet  airfoil  is  a  dif- 

fusional  process  which  occurs  within  a  thin  boundary  layer  of  air  on  the 

surface  of  the  airfoil.  At  any  point  of  the  interface  between  the  water 

film  and  the  boundary  layer  the  vapor  on  the  surface  is  assumed  to  be  in 

equilibrium' with  the  water. ^  Accordingly,  the  vapor  pressure  at  a  point 

on  the  surface  is  the  pressure  of  saturated  steam  corresponding  to  the 

2 

temperature  of  the  water  at  that  point.  At  the  moderate  temperatures  en¬ 
countered  in  the  present  application,  the  concentration,  or  vapor  density, 
is  proportional  to  the  vapor  pressure.  The  diffusional  process  occurs  be¬ 
cause  the  concentration  on  the  heated,  wet  surface  exceeds  the  concentra¬ 
tion  anywhere  else  in  the  boundary  layer,  the  vapor  in  the  boundary  layer 
being  convected  away  by  the  air. 

If  the  temperature  distribution  across  the  boundary  layer  is  uniform, 
or  naarly  uniform,  a  local  coefficient  of  mass  transfer  may  be  defined  by 
the  equation, 

m,i  =  b({V,s'  Pv/  {hr& 

where  =  lb/hr  ft2,  £b3  =  ft/hr,  and  =  lb/ft3.  Subscript  v 

is  for  the  Vapor,  and  subscripts  s  and  1  refer,  respectively,  to  the 
interface  with  the  water  film  and  the  outer  edge  of  the  boundary  layer. 
Equation  ti-3o  is  further  discussed  in  Section  £-7.  At  present,  only  the 
evaluation  of  the  coefficient  b  is  of  interest. 


^In  fact,  there  is  a  small  difference  (Ref.  111*). 

2 

Throughout  this  manual  it  is  assumed  that  the  water  film  tempera¬ 
ture,  along  any  normal  to  the  surface  is  uniform.  Therefore,  this  tem¬ 
perature  is  equal  to  the  local  skin  temperature  and  is  referred  to  as 
the  surface  temperature.  The  assumption  is  justified  by  the  facts  that 
most  of  the  water  film  is  thin,  that  it  is  well  stirred  where  it  is 
thickest  (in  the  area  of  impingement),  and  that  the  conductivity  of  water 
is  fairly  high. 
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I- 11  Relationships  between  Heat  Transfer  and  Mass  Trans, far  Coefficients 

Like  a  coefficient  of  heat  transfer,  the  coefficient  of  mass  trans¬ 
fer  depends  upon  many  factors.  However,  the  amount  of  experimentation  on 
mass  transfer  coefficients  is  relatively  meager.  Basic  experiments  on 
evaporation  from  the  surface  of  a  body  with  internal  heat  sources  seem  to 
have  .been  performed  only  by  Powell  and  Griffith  (Ref.  108).  Basic  experi¬ 
ments  on  evaporation  In.  high-speed  air  streams  were  reported  to  be  non¬ 
existent  as  late  as  April,  1953  (Ref.  95).  Recently,  Coles  and  Rugger! 

(Ref.  33)  performed  sublimation  experiments  using  ice  in  high-speed  streams. 
An  extensive  bibliography  with  abstracts  or.  various  aspects . of  this  subject 
appears  in  Ref.  61. 

Fortunately,  the  principle  of  similarity  has  provided  useful  relation¬ 
ships  between  heat  and  mass  transfer.  While  they  still  require  further 
experimental  verification,  particularly  for  high-speed 'flew,  results  of 
their  application  in  the  present  design  problem,  as  well  as  in  others, 
have  shown  that  these  relationships  have  considerable  merit.  They  are 
presented  here  in  brief j  additional  information  can  be  found  in  the  works 

of  Mickley  (Ref.  95),  of  Jakob  (Ref‘.  63),  and  of  Howarth  (Ref.  62) » 

’  -.1 

;  ;l 

II—  lit .  1  The  Stanton  Number  and  a  Modified  Stanton  Humber 

The  dimensionless  group  formed  by  dividing  the  Nusselt  number 
by  the  product  of  the  Reynolds  and  Prandtl  numbers  is  called  the  Stantoh 
number:’*' 

ht s  rsr  (i*-36) 

°\  p 

This  number  is  very  often  used  to  correlate  coefficients  of  heat  transfer 
as  a  function  of  the  Reynolds  and  Frandtl  numbers.  For  example,  Eq.  1-26 
can  be  written  in  the  form, 


^This  is  the  dimensionless  coefficient  employed  in  the  present  appli¬ 
cation  by  Hardy  (Ref.  51)  and  others.  Hardy  denotes  it  by  k^. 
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(U-37) 


A  similar  dimensionless  group,  which  so  far  has  no  standard  name, 
arises  in  mass  transfer  problems.  In  this  manual  it  will  be  called  the 
modified  Stanton  number: 

(WB)1 

0 

U— li: •  2  Application  of  4he  Principle  of  Similarity 

The  principle  of  similarity,  which  is  the  root  of  all  model 
experiments  and  analog  techniques,  simply  expresses  the.  fact  that  cor¬ 
relations  of  experimental  results  of  any  two  phenomena  ywvb  can  be  mathe¬ 
matically.. described  by  the  same  differential  equations  with  the  same 
boundary  conditions,  coincide  in  a  system  of  corresponding  coordinates. 

In  general,  the  differential  equations  descriptive  cf  heat  and  of  mass  dif¬ 
fusion  differ  considerably  (Ref.  95)}  also,  the  boundary  conditions  are 
somewhat  different.  However,  it  happens  that  when  water  evaporates  into 
an  air  stream  relatively  simple  expressions  can  he  introduced  as  good 
approximations  to  the  true  variables.  Further,  the  difference  of  boundary 
conditions  is  insignificant  in  most  oases,  so  that  the  principle  of  simi- 
larity  may  be  employed.  Experience  so  far  has  indicated  that  for  practical 
purposes  in  engineering  the  inexactness  is  negligibly  small,  and  the  two 
phenomena,  namely,  heat  transfer  from  a  dry  surface  and  evaporation  of 
water,  are  treated  as  though  they  are  physically  similar  processes. 

The  importance  of  this  is  that  the  Stanton  number  and  modified 
Stanton  number  of  two  geometrically  similar  airfoils  in  physically  similar 
conditions  of  flow  have  a  simple  relationship,  which  is  expressed  here 
in  the  form, 


If  the  quantity  h/oCp  in  Eq.  h~36  were  replaced  by  a  one-latter 
symbol,  say,  a,  the  similarity  would  perhaps  be  more  apparent. 


^That  is,  the  same  airfoil  shape, 
Reynolds  number,  and  so  forth. 


the  same  angle  of  attack,  the  same 
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(NSVmod  =  1  *  NSt 

where  I  is  a  dimensionless  quantity  to  be  evaluated  in  the  next  two 
sections.  Further,  it  appears  that  since  temperatures  and  temperature 
differences  in  the  present  application  are  not  excessively  large,  Eq,  1-39 
may  be  employed  even  though  both  heat  and  mass  transfer  occur  simultaneously 
on  one  airfoil. 

b-lb.3  Evaluation  of  1^ 

In  accordance  with  the  principle  of  similarity  Eq.  b-26  written 
for  evaporation  becomes 


(b-ho) 


(NstWd  -  ?•»*  C*  *  42/3  •  Vs  '  vr 


where  NSc'  the  Schmidt  number,  replaces  the  Prandtl  number..  Just  as  the 
Prandtl  number  is  the  ratio  of  the  kinematic  viscosity  to  the  thermal  dif- 
fusivity  (k/^Op) ,  ao  the  Schmidt  number  is  the  ratio  of  the  kinematic  vis¬ 
cosity  to  the  mutual  mechanical  diffuaivity  D  of  water  vapor  in  air.  It 
follows  from  Eq.  b-37,  -39,  and  -bO  that 

1  ■  /'* Prf/3 

V-(lg) 


Now,  Npy  a  0.71j.  the  value  of  Ng0  usually  employed  is  0.60,  which  seems 
to  be  baaed  on  a  value  of  D  given  by  the  International  Critical  Tables, 
and  thia  value  eeeraa  to  be  .due  to  Itache  (Ref,  86).  It  follows  from  Eq.  b-bl 
that  I^am  g  1.12.  Jakob  (Ref.  63#  p.  591)  gives  1.06,  and  Hausen  (Ref.  5b, 
p.  b?2)  gives  1,0b  for  the  vt.lue  of  1^  . 

However,  more  recent  experiment'  on  the  diffusivity  of  water 
vapor  in  air  were  performed  by  Schirmer  (Ref,  11b)  and  Summerhays  (Ref.  122). 
Their  values,  found  in  quite  dissimilar  ways,  are  in  good  agreement  with 
each  other  and  are  higher  than  the  values  of  Mache.  Schirmer  correlated 
his  results  by  means  of  the  equation, 

D  =  0.865  (^ — )(ra?)  (b~b2) 
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where  DO  =  ft^/hrj  £p]  =-•  in.-mercury$  and  £t!  »  *8.  The  pressure  p 
is  the  total  pressure  of  the  mixture  of  air  and  water  vapor.  TShen  the 
diffusivity  is  calculated  according  to  Eq.  U— ii2  and  the  kinematic  vi  s- 
cosity  is  taken  from  Table  A-2,  the  value  of  the  Schmidt  number  (  v/d) 
is  found  to  be  0.525,  independent  of  the  pressure  and  virtually  constant 
in  the  range  of  temperature  from  32  to  lhQ*F.  Substituting  this  value  of 
the  Schmidt  number  into  Eq.  h-U8,  we  find  that  =  1.22,  a  value  con¬ 

siderably  higher  than  any  of  the  above-mentioned  values.  Obviously,  further 
checks  on  the  relationships  of  heat  transfer  on  wet  and  dry  surfaces,  in¬ 
cluding  experimentation  on  the  diffusivity  of  water  vapor,  are  needed. 


At  the  present  time  a  compromise  value  is  recommended*  1,  =  1.1 

Hence,  from  Eq.  k-39  and  the  definitions  of  the  Stanton  number  and  the 
modified  Stanton  number, 


blam  -1,1 


r 


(h-hy) 


where  ^cp  is  the  average  heat  capacity  of  the  air  per  unit  volume. 


ii— III.  iu  Evaluation  of  I 


turb 


In  the  turbulent  boundary  layer,  unlike  the  laminar  boundary 
layer,  the  ratio  ^st^mod^Gt  depends  slightly  on  the  Reynolds  number. 
Callaghan  (Ref.  29)  recently  studied  the  turbulent  boundary  on  a  flat 
plate  in  an  approximative  way,  using  a  modification  of  the  Prandtl  con¬ 
ception  of  the  turbulent  boundary  layer.  He  concluded  that  in  a  wide 
range  of  Reynolds  numbers,  decreases  somewhat  as  the  Reynolds  num¬ 

ber  increases.  Based  on  Ng0  =  0.60,  the  quantity  ^  has  the  approxi¬ 
mate  average  value  1.05. 


Had  ho  employed  No.  =  0.525,  he  would  have  found  that  I.  , 
Sc  turb 

is  aDout  l.Oo.  Further,  if  he  had  employed  the  Karman  analogy  instead 

of  ;tho  Prandtl  analogy,  he  would  have  found  values  of  I,  .  between 

turb 

1.01  and  1.03,  depending  upon  the  Reynolds  and  the  Schmidt  numbers. 
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Coles  and  Rugger!  (Ref.  32) ,  experimenting  with  ice  deposited  by 

condensation  on  a  flat  plate  in  a  high-speed  wind  tunnel,  also  found  that 

I,  ,  (for  sublimation)  decreases  slightly  as  the  Reynolds  number  increases, 
turn 

They  found  no  influence  of  the  'ach  number  up  to  =  1*3*  Their  average 
value  of  I.  .  was  0.90.  However,  the  surfaces  were  rough  and,  the  ab« 

tUTD 

solute  values  of  Ngt  and  (Ngt)mod  were  considerably  higher  than  the  pre¬ 
dicted  values  for  smooth  surfaces. 


Spielraan  and  Jakob  (Ref.  121)  performed  evaporation  experiments 
with  porous  stones  arranged  as  a  flat  plate.  If,  as  the  authors  remark  in 
the  closure  of  their  discussion  1JN  =  1.26  •  (NNu)mod  and  their  correlation 
is  modified  so  that  N«  =  0,525  instead  of  0.59,  the  value  obtained  for 
Xturb  ia  Again,  the  heat  transfer  coefficients  were  considerably 

higher  than  those  expected  on  a  smooth  surface,  and  the  roughness  of  the 
stones  Judy  have  had  an  influence  on  the  results.  Maisel  and  Sherwood 
(Ref.  8?)  obtained  similar  experimental  results  in  the  same  way. 


In  view  of  the  semi-emp'irical  nature  of  the  Prandtl  and  Karman 
analogies,  they  cannot  be  expected  to  distinguish  between  a  few  per  cent 
in  the  value  of  Iturb«  Tha  experimentally  determined  values  of  Iturb 
on  flat  plates  have  been  obtained,  with  considerable  difficulty,  and  then 
only  for  apparently  rough  surfaces.  Further,  information  is  lacking 
about  the  influences  of  pressure  and  temperature  gradients.  For  these 
reasons  it  is  recommended  that  for  an  airfoil  Iturb  be  taken  equal  to' 
1.0  until  more  accurate  knowledge  is  obtained.  Jt  follows  that 


tuurb 


*  1.0 


hturb 

"f  °P 


(W*l») 


This  is  the  so-called  Lewis  rolationship. 


ii-15  Evaluation  of  Mean  Coefficients  of  Heat  Transfer _ h 

Pointwiss  calculations  require  much  time.  Often  it  is  sufficient  to 
find  approximate  mean  values  of  the  surface  temperature  and  the  heat  load. 
Mean  coefficients  of  heat  transfer  ars  needed  for  such  calculations. 
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Whenever  it  is  possihle  to  use  an  equation  o.f  the  typical  form, 

h  =  C  s“n  (U-lfi) 

for  local  coefficients,  the  mean  coefficient  of  heat  transfer  along  the 
length  s,  denoted  by  K(s),  is  related  to  the  local  coefficient  h  at 
the  point  distance  s  from  the  leading  edge  by 

h  ds  *=  ( J4—J46) 

Equations  it-26  and  -2 9  would  have  the  form  of  the  typical  Eq.  U~k5  if 
were  uniform.  It  is  recommended  (Ref.  8?)  that  bo  replaced  with  the 
mean,  velocity  U  given  by  Eq.  It— 7 •  The  numerical  coefficients  of 

HI 

Eq.  !t-25  to  -30  can  then  be  replaced  with/ values  determined  by  Eq.  It-lt6. 
These  alternate  numerical  coefficients  are  given  in  Table  lt-1. 

Table  1*-1  NUMERICAL  COEFFICIENTS  TO  CALCULATE 
MEAN  COEFFICIENTS  CF  HEAT  TRANSFER 


Equation  No.. 

i  Coefficient 

lt-25 

0.661. 

It-26 

CM 

r- 

d 

1-27 

0.106 

lt-28 

0.037 

lt-29 

0.033 

lt-30 

0.890 

By  direct  integration  of  Eq.  It— U6 ,  taking  h  from  Eq.  U-22,  the 

mean  value  E(s  )  on  the  leading  edge  is  given  by  the  same  expression  as 
c 

Eq.  it-  22  with  the  exception  that  the  coefficient  2.06  changes  to  0,515 

and  s  goes  to  s  ,  subscript  c  referring  to  the  profile  distance  treated 
c 

as  a  cylinder.  The  distance  sc,  or  sc/L,  way  be  determined  by  the  inter¬ 
section  of  Eq,  lt-22  and  -26  in  the  N^,  s/L-plane  or  of  Eq.  it—  2lt  ana  -27 
In  the  h,  c/L-plane. 
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In  general,  the  mean  coefficient  on  the  surface  extending  from  s  = 
to  s  =  is 


s.h(s.)  -  s.h(s. ) 
SJ  Si 


(h-lt7 ) 


For  example,  assuming  an  abrupt  transition  at  distance  s^r,  the  mean  co¬ 
efficient  on  the  heated  length  is 


HC»H)  =  \ 


8cS^c)  +  [StrKlam(str)  “  8Aam(sc)] 

+  [^turb^iP  “  str^turb^str^J 


(Wj8) 


where  subscripts  "lam"  and.  "turb"  mean  that  the  expressions  for  the 
laminar  and  turbulent  boundary  layers,  respectively,  should  be  employed* 

A  similar  expression  can  be  written  for  a  non-abrupt  transition.  It  may 
happen  that  sc  is  relatively  short j  then  the  first  and  third  terms  in 
the  braces  nay  be  neglected  and  the  calculations  are  further  simplified. 
Further,  if  h  short,  and  the  distance  covered  long,  it  will  be  satis¬ 

factory  to  assume  that  only  turbulent  heat  transfer  occurs; 

Of  course,  if  more  accurate  mean  values  are  desired,  Eq.  k-22,  -26, 
and  -29  or  Eq.  U— 2l« ,  -27,  and  -30'  could  be  plotted  and  integrated  by  any 
numerical  or  graphical  procedure.  Often  it  will  be  desirable  to  have  a 
plot  of  h  Versus  s  at  handj  a  planimeter  may  then  be  found  most  con¬ 
venient. 


1|-16  Coefficients  of  Heat  Transfer  on  internal  Surfaces  of  Ducts 

In  the  next  few  sections  the  heat  transfer  in  circular  and  non-circular 
ducts  will  be  reviewed.  Then  some  results  of  direct  measurements  on  double- 
akin  heaters  will  be  discussed. 

k-16.1  Circular  Ducts  —  Fully  Developed  Turbulent  Region 

A  large  amount  of  experimental  evidence  shows  that  heat  transfer 
in  the  fully  established  turbulent  region  (Ngg  ^  =-  10, 000 j  see  Section 
2-1.2)  of  long  circular  ducts  (I. 60)  is  virtually  uniform  and  can 
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1?6 


be  calculated  by  means  of  the  equation. 


Nu,D 


=  0.023  *  H. 


,0.8 

Be,n, 


H0*14 

NPr 


<Wi9) 


where  N.^  ^  a  NgQ  ~  U  is  the  mean  velocity 


in  the  cond\: 


2t. 


In  this  section  the  quantity  h 


turb 


represents  the  in¬ 


ternal  heat  transfer  coefficient  in  the  region  of  fully  developed  turbulent 
flow,  subscript  d  refers  to  the  duct,  and  denotes  the  duct  length. 
Employing  Npj,  a  0.71  as  an  average  value,  Eq.  b~i*9  becomes 


'  -  °l0S0  •  (1,-50) 

The  influence  of  the  temperature  through  its  effect  on  fluid 
properties  is  small.  Usually  sufficient  accuracy  will  be  obtained  if  the 
fluid  properties  are  evaluated  at  the  mean  bulk  temperature 

■  \  \  -  <*ia  +  Vt^  , '  \  (^-5D 


If  large  temperature  differences  are  encountered  and  greater  accuracy  is 
desired,  the  fluid  properties  should  be  evaluated  at  the  mean  film  tempera¬ 
ture 

y«  <tb  +  te)/2  '  (Wa) 

where  tfl  is  the  mean  surface  taapbrature.  In  this  case  it  is  also 
necessary  to  employ  the  mean  bulk  velocity,  which  is  the  mass  velocity 
divided  by  the  density  at  the  mean  bulk  temperature  (Ref.  107). 

When  the  product  of  the  powers  of  the  properties  of  air  with 
exception  of  the  density  in  Eq.  ii-5l  are  expressed  as  a  power  function  of 
the  absolute  temperature  V  the  equation  takes  the  dimensional  form 
(Ref.  17) j 


h.  .  =  Vfh  • 

turb 


5-U 


.0.3  .  „0.8 


-0.2 


(U-53) 
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inhere  0  =  Up  *  w/Ad;  [h^J  =  B/hr  ft2  F,  [tj  »  %  *  lb/hr  ft2, 

and  [dJ  =  ft. 


U— 3.6 . 2  Hon-Sircular  Ducts  —  Fully  Developed  Turbulent  Regime 

The  coefficient  of  heat  transfer  for  air  flowing  inside  non¬ 
circular  ducts  in  the  range  of  fully  developed  turbulence  (K^e  ^  =»  10,000) 
also,  may  be  calculated  with  good  approximation  by  means  of  Eq.  l|-50  or  -53  • 
It  is  only  necessary  to  replace  Dd  by  the  equivalent  diameter. 


„  It  x  cross-sectional  area  ,,  x 

De  - -  perimeter - 

for  a  flat  rectangular  passage  (high  aspect  ratio)  the  equivalent  diameter 
is  practically  twice  the  length  of  the  shorter  side.  In  general,  the 
inception  of  turbulence  in  non-eireular  duots  occurs  at  Reynolds  numbers 
less  than  2300 . 

Experiments  by  Washington  and  Harks  (ltef .  130)  on  heating  air  in 
rectangular  ducta  are  in  good  agreement  with  predicted  values  using  the 
equivalent  diameter  when  ^  >■  15,000.  However,  for  ducts  of  high 
aspect  ratio  and  ^  «=c  15,000,  values  predicted  by  Eq.  lH#  are  sub¬ 
stantially  higher  than  their  exp erimental  values.  Kays  (Ref.  69)  per¬ 
formed  experiments  heating  air  in  ducts  of  aspect  ratio  5.85>  In  the 
range  of  NR(j  ^  from  3,000  to  10,000  the  experimental  values  lay  2k  per 
cent  below  the  values  predicted  by  Eq.  ii-50.  Similar  results  were  found 
by  Bailey  and  Cope  (Ref.  5)  in  the  range  of  _  from  3,500  to 

j  WBjJJq 

27,000  with  ducts  of  aspect  ratio  ranging  from  1  to  7.9 • 

Drexel  and  McAdams  (Ref.  38)  correlated  results  from  the  litera¬ 
ture  and  found  that  they  deviated  from  the  values  of  Eq.  Ii-50  by  +  10  per 
cent  when  the  coefficient  is  changed  to  0.021; 


Pinkel  (Ref.  107)  reports  on  numerous  tests  performed  with 
rectangular  and  triangular  tubes.  For  NRg  D  >  10,000,  Eq.  h-li9  is  in 
good  agreement  with  the  experimental  results. 
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li-16.3  Average  Internal  Coefficients  in  Ducts 

The  duct  length  has  an  effect  on  the  mean  coefficient  of  heat 
transfer  because  of  the  transition  in  the  entrance  region  of  the  tube.  The 
local  coefficient  decreases  in  this  region,  approaching  the  uniform  value 
in  the  region  of  fully  developed  turbulence.  The  nature  of  the  flow  in  the 
inlet  depends  upon  the  shape  of  the  entrance,  the  Reynolds  number  ^  , 

and  the  teuperature  distributions  on  the  duct  walls.  Boelter,  Young,  and 
Iyarson  (Ref.  19)  parfornnd  experiments  to  determine  the  mean  coefficients 
of  heat  transfer  in  straight  round  tubes  with  various  inlet  conditions. 

Their  results  in  the  range  of  Reynolds  numbers  from  26,000  to  56,000  and 
for  ratio  L^/E^^IO  my  be  represented  by  an  equation  of  the  type, 

D. 


where 
h 


m 


hm  -  hturb  i1  +  0  * 
i3  the  integrated  mean  coefficient  with  respect  to  the  length, 


turn  ■*'s  coefficient  in  the  fully  developed  turbulent  region,  and  C 
is  a  constant  depending  on  the  shape  of  the  entrance.  For  a  straight  heated 
tubs  preceded  by  a  bell  mouth,  C  =  0«J.  If  the  bell  mouth  is  replaced  by 
an  unheated  90*  bend,  C  a  7.0.  It  should  be  noted  that  ducts  in  aircraft 
are  seldom  ^straight.?  neglect  of  this  effect  is  undoubtedly  one  of  the  reasons 
why  measured  distributions  of  duct  air  teuperature  have  boon  consistently 
lower  than  the  calculated  distributions.  Values  of  C  for  other  shapes 
may  be  found  in  Ref.  19  and  91. 


For  a  sharp -edge  entry,  and  Reynolds  number  above  10,000  McAdams 


recoiiimnds 


^turb 


:  :  /D 

1  +(  r 


0.7- 


(14-56) 


These  mean  coefficients  of  heat  transfer  should  be  enployed  with 
the  logarithmic  mean  temperature  difference.  Thus,  the  rate  of  heat  trans¬ 
fer  to  a  duct  of  uniform  cross  section  and  of  uniform  surface  tenperature 


is 


where 


(AtJ  = 

&  3JI 


q  =  M^V-d)(£ta)m 

^aA  "  "  CW  " 


In 


taA  ~  t3 

W  r  % 


Oi-57) 


0.-58) 
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and  the  quantity  tftA  is  the  air  tenperature  at  the  inlet  while  ta(Ld) 
is  the  air  tenperature  at  the  end  cf  the  duct  of  length  L^. 

lr-16.1)  Heat  Transfer  in  the  Transition  and  Laminar  Ranges 

McAdams  (Ref.  91)  presents  heat  transfer  data  in  the  transition 
range  for  air  flowing  in  round  ducts .  It  will  be  noteced  that  when 
L^/D^  =  5  the  transition  is  very  gradual.  But  when  L^/D^  =  60  the  tran¬ 
sition  is  rather  abrupt.  The  dip  In  the  correlation  is  less  extreme  for 
rectangular  ducts  (Ref.  38)  j  also,  the  Inception  of  turbulence  occurs  at  a 
lower  Reynolds  number. 

At  very  low  Reynolds  nuabers  the  flow  in  a  duct  may  be-  laminar. 

1  ;  ‘i 

For  a  general  discussion  of  this  subject  the  reader  may  consult  Ref. .63 

i  i 

and  91.  This  type  of  flow  could  possibly  occur  in  extremely  fine  double- 
skin  passages.  However,  all  known  test  data  on  double-skin  heat. exchangers 
indicate  that  within  the  practical  limits  of  the  application  the  flow  be coma 3 
turbulent  within  a  relatively  short  distance  from  the  inlet  to  the  passageways. 

1^-17  Double-Skin  Heat  Exchangers 

The  hot  air  in  the  passages  is  in  contact  with  only  a  part  of  the  ratal 
conprising  the  outer  skin.  The  adjacent  parts  where  the  inner  and  outer 
skins  are  fastened  receive  heat  by  conduction  from  both  the  inner  and  outer 
skins.  If  the  bond  between  the  two  skins  has  low  thermal  resistance,  as 
should  be  the  case,  the  inner  skin  serves  as  an  extended  surface  like  a  fin 
and  contributes  to  heating  the  outer  surface. 

Also,  if  the  bond  is  good,  some  heat  is  transferred  from  the  air  in 
the  distribution  duct.  If  this  heat  transfer  rate  is  high;  it  will  be  ef¬ 
fective  in  keeping  the  outside  surface  warm.  However,  unless  a  separate 
supply  duct  is  used,  the  air  tenperature  may  be  reduced  so  that  by  the  time 
the  air  reaches  the  tips  of  the  wing  its  effectiveness  in  passing  through 
the  double-skin  passages  will  be  inadequate  to  prevent  icing. 

In.  discussing  the  heat  transfer  to  the  outer  skin,  an  effective  co¬ 
efficient  h  based  on  the  following  equation  will  be  employed i 
© 

q"  =  he(ta  -  tft)  (U49) 

where  q"  is  the  rate  of  heat  transfer  per  unit  area  of  the  outer  skin,  tft 
is  the  local  tenperature  of  the  air  inside  the  double-skin  passages,  and 
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tfl  is  the  local  surface  tanperuture.  Thus,  is  a  coefficient  based  on 
unit  area  of  the  outer  skin  and  includes  all  the  effects  of  conduction  through 
the  metal,  skins  and  their  joints.  The  true  local  coefficient  of  heat  transfer 
inside  the  double  skin  based  on  unit  surface  area  of  the  corrugated  nails 
■will  be  denoted  by  h  . 

EL 

In  the  next  two  sections,  the  actual  coefficient  of  heat  transfer  h& 
and  the  coefficient  h^  inside  the  distribution  duct  are  discussed.  In  fol¬ 
lowing  sections  relationships  between  h  and  h  are  developed,  because 
h  rather  than  h  is  needed  in  many  of  the  subsequent  calculations. 

0  EL 


U~l3  Evaluation  of  the  Actual  Coefficient  h  in  Double-Skin  Passages 

Double-akin  passages  are  non-circular  and  may  be  treated  as  outlined 
in  Section  li-J.6.2  The  critical  Reynolds  number  is  reported  (Ref.  16)  to  be 
less  than  2000,  even  as  low  as  1300  in  trapezoidal  passages  (Ref.  18)  and 
1000  in  passages  of  the  type  shown  in  Fig.  1*2 (g)  (Ref.  127).  These  low 
critical  values  are  probably  due  to  the  shapes  of  the  passages  and  the 
rough,  or  sharp-edge,  construction  of  their  entrances. 

Hardy  and  Morris  (Ref.  55)  performed  experiments  on  the  type  of  pas¬ 
sages  shown  in  Fig.  l~2(f).  They  found  that  local  coefficients  of  heat 
transfer  decrease  in  the  direction  of  the  flow,  approaching  a  constant  value 
at  a  distance  of'  about '25  equivalent  diameters  from  the  inlet.  Boelter, 
Johnson,  and  Sanders  (Ref.  16), found  a  similar  result  for  the  passages  shown 
In  Fig.  l-2(e)  when  the  entrance  to  the  passages  was  streamlined.  The  same 
sdrt  of  results  was  reported  for  several  configurations  tested  by  Boelter, 
Young,  and  Iverson  (Ref.  19).  , 


Hardy  and  Morris  correlated  their  data  in  two  parts,  the  entrance  region 
and  the  fully  developed  turbulent  region,.  The  correlations  are,  respectively, 


0.782  T°'331  G0,7  s“0c3 

I  ft 


(!j-60  ,  -60a) 


and 


where  Qo  ^  -  lb/ sec  ft7  and 


h  =  0.6U  T0,262  G°o8  D”0*2  (U-61,  -61a) 

a  f  a  e 

£s]]  -  £Dgl  =  Tt.  Charts  for  the  solution  of 
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these  equations  appear  on  Fig.  A-3  and  -9  in  the  appendix.  It  nay  be  noticed 
that  the  coefficient  in  Eq.  l.t-61  is  25  per  cent  higher  than  the  coefficient 
in  Eq.  U-50.  A  reason  for  this  difference  may  lie  in  the  authors'  analysis 
(Section  8-20.2)  of  the  effect  of  the  conduction  in  the  inner  skin  and  of 
the  contact  resistance  between  the  two  skins.  The  results  reported  by  other 
investigators  (Ref.  16  and  127) »  fall  within  about  15  per  cent  of  the  cor¬ 
relations  by  Hardy  and  Morris.  Neel  (Ref.  98)  recommends  that  Eq.  8-60  and 
-61  be  employed  whore  data  on  shapes  other  than  that  of  Fig.  l~2(f)  are  un¬ 
available. 

It  may.  be  assumed,  without  serious  deviation  from  the  value  s  =  25Dq 

reported  by  Hardy  and  Morris,  that  fully  established  turbulence  begins  at 

values  of  a/D  determined  by  the  intersection  of  the  lines  of  constant 
e 

Reynolds  number,  according  to  Eq.  U~60  and  -6l,  as  plotted  in  Fig.  8-12. 

:The  intersection  for  different  Reynolds  numbers  is  shown  by  the  dotted  line. 
Based  on  this  assunption,  the  beginning  of  fully  established  turbulence 
moves  forward  as  the  Reynolds  number  increases.  The  chart  may  bo  found  con¬ 
venient  to  evaluate  h  , 

A  comparative  study  by  direct  test  of  three  kinds  of  double-skin  heaters 
(Ref.  101),  namely,  the  corrugated,  spaced,  and  the  dimpled  t.yp«)S  shown  in 
Fig,.  1-3,  indicate  that  the  highest  rate  of  heat  transfer  can  be  obtained 
with  the  dimpled  type.  At  a  given  fate  of  air  flow,  the  heat  transfer  for 
the; dimpled  akin  was  21. 5  per  cent  higher  than  for  the  spaced  type)  at  a 
given  pressure  drop  it  was  12  per  cent  less. 

I  ’ 

Finally,  it  should  be  remarked  that  the  heat  transfer  in  the  double¬ 
skin  passages  depends  upon  the  curvature  of  the  airfoil  profile,  the  tempera¬ 
ture  distribution  on  the  walls  of  the  passages,  and  the  shape  of  the  inlet. 
With  the  exception  of  the  shape  of  the  inlet  they  seem  to  be  of  secondary 
importance,  and  satisfactory  results  are  obtained  even  if  one  neglects  them. 
According  to  Bef.  16,  a  major  effect  of  a  sharp-edged  entrance  is  to  increase 
the  heat  t  anefer  in  the  passages  and  to  delay  the  eetablishmBnt  of  a  fully 
developed  turbulent  region,  that  is,  to  prevent  the  coefficient  from  attain¬ 
ing  a  uniform  value.  Inspection  of  Fig.  8-12  indicates  that  tne  heat  trans¬ 
fer  near  the  inlet  is  at  least  twice  that  of  the  section  where  the  normal 
velocity  profile  is  established.  In  heat  exchanger  design  turbulence 
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F:1G.  4-J2  LOCAL  COEFFICIENTS  OF  HEAT  TRANSFER  IN  DOUBLE- SKIN 
PASSAGES 


inducert;  u»  uaeu  Lu  B»inU»j,u  heat  transfer  coefficients  equivalent  to  those 
at  the  entrance  throughout  the  passage.  The  dirole d  skin  mentioned  above 
is  one  approach  to  utilising  this  phenomenon  in  double-skin  passages.  Greater 
exploitation  of  turbulence  inducers  in  double-skin  passages  would  appear 
to  be  well  worth  while  even  though  specific  tests  to  determine  the  effective¬ 
ness  of  the  configuration  would  be  required. 


U— 19  Heat  Transfer  Coefficients  in  the  Distribution  Duct 

The  air  in  the  distribution  or  D  duct  shown  in  Fig,  1-1  loses  heat 
by  conduction  through  the  false  spar  and  the  inner  skin.  Regarding  the  cor¬ 
rugations,  Neel  (Ref,  9 8)  recommends  using  the  following  correlation  which 
is  based  on  the  limited  data  of  Ref.  55* 


hdDe 


0,30 


0.6 


(W2) 


where  D@  is  the  equivalent  diameter  of  the  duct.  In  the  case  of  a.  smooth 
inner  skin  using  spacer  strips  (Fig.  l-2(c)^  or  a  duct  liner  (Fig.  l-2(a)^, 
Eq.  li— 50  nay  be  employed. 


J.i-20  Relationship  between  the  Actual  Coefficient  h^  and  the  Effective 

Coefficient  h 
•  e 

As  Already  mentioned,  on  account  of  the  spanwise  conduction  in  the 
inner  skin  and  the  heat  convection  in  the  D  duct,  thB  effective  coeffici¬ 
ent  hQ  is  different  from  hft.  The  general  relationship  nay  be  expressed 
by  an  equation  of  the  type 


h  - 

e 


(1-63) 


where  F  is  a  dimensionless  factor  which  depends  upon  the  geometry  of 
the. skins,  the  metal,  the  contact  resistance,  and  the  coefficients  of  heat 
transfer  on  the  exterior  surface,  inside  the  passages,  and  in  the  distri¬ 
bution  duct.  In  Ref.  12b  and  127,  it  is  assumed  that  the  heat  transfer 


20  u 
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area  of  the  inai.de  surface  of  the  inner  skin  is  practically  as  effective 
as  the  area  of  the  outer  skin  in  contact  with  the  air  in  the  passages,  and 
the  authors  take  F  =  2.  The  test  data  presented  in  Ref ;  127  correlate 
closer  Kith  predicted  values  Khan  allowance  is  mde  for  resistance  to  heat 
flow  in  the  inner  skin.  The  more  conservative  value  of  1.5  was  employed 
In  Ref.  100  because  it  was  found  that  the  bond  between  the  inner  and  outer 
skin  was  imperfect.  To  reduce  the  time  of  performing  preliminary  design 
calculations,  it  is  recommended  that  a  constant  value  of  1.5  he  used. 

■Where  more  accurate  values  may  be  required,  one  of  the  following  expressions 
for  F  should  be  employed. 


24-20.1  Approximations  of  h /h  based  on  Extended  Surface  Calculations 

0  & _ _ _ _ 

Jonas  (Ref.  66)  developed  an  approximative  solution  for  F  by 
assuming  that  (l)  the  bond  between  the  inner  and  outer  skins  is  perfect, 

(2)  the  duct  side  of  the  inner  skin  is  perfectly  insulated,  and  (3)  heat 
is  conducted  only  span  wise  in  both  the  inner  and  outer  skins.  The  first, 
assumption  is  seldom  satisfied  in  practice.  The  second  assumption  may 
be  made  if  the  coefficient  hd  is  small  with  respect  to  h&  or  if  an 
insulating  type  duct  liner  is  used.  The  third  assumption  is  employed  so 
that  the  problem  can  be  studied  in  two  dimensions;  but,  in  fact,  Jonas 
uses  a  one-dimensional  analysis.  The  results  of  his  study  indicate  that 
for  the  types  of  corrugations  ordinarily  employed,  the  outer-skin  conduction 
and  convection  play  a  minor  rcls  in  determining  F. 

In  the  paragraphs  that  follow  an  analysis  similar  to  Jonas'  work 
is  developed.  It  allows  for  an  imperfect  bond,  Jonas'  assumption  that 
the  duct  side  of  the  inner  skin  is  perfectly  insulated  is  retained.  Use 
is  made  of  his  result  that  the  heat  transfer  in  and  on  th9  outer  skin 
plays  a  minor  role,  and  it  is  assumed  that  the  skin  temperature  is  uniform 
spariwise.  It  should  be  observed,  however,  that  as  the  thermal  resistance 
of  the  bond  increases,  spanwi3e  conduction  in  the  outer  skin  becomes  of 
increasing  importance.  The  f ell  owing  theory  fails  completely  if  the  bond 
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allows  no  neat  to  pass  through  it,  and  it  may  he  supposed  that  the  joints 
will  have  been  made  with  sufficient  care  so  that  their  thermal  resistance 
will  not  be  excessively  high. 

Figure  U— 13  shows  the  cross  section  of  a  rectangular  corrugation 
and  the  nomenclature  that  will  be  employed.  A  trapezoidal  or  sinusoidal 
corrugation  can  be  analyzed  with  appropriate  definitions  of  a  and  b. 
Since  the  duct  side  is  insulated,  «  0.  The  distance  x0  is  an  equiva¬ 
lent  thickness  of  air  representing  the  thermal  resistance  of  the  bond  (see 
Section  li-20.3). 

In  order  to  treat  the  corrugation  as  a  one-dimensional  fin,  it  is 
imagined  that  the  outer  skin  is  stretched  and  bent  over  as  indicated  by 
the  dotted  line  in  Fig,  li-ll*.  Here,  the  inner  skin  is  like  an  extended 
surface  between  two  heat  sinks  at  equal  temperature  t  .  However,  unlike 

3 

a  true  fin,  the  bond  is  imperfect  so  that  the  temperature  t  at  the 
root  is  greater  than  tQ. 

It  is  apparent  in  Fig.  tj-13  that  the  heat  transferred  per  unit 
area  of  the  outer  surface  is 

.where  q^  denotes  the  spanwi.se  heat  conduction  on  one  corrugation,  one 
foot  in  length  chordwise.  i 

IF  the  fin  In  Fig.  U-llj  were  at  a  uniform  temperature  t  ,  it 
would  receive  heat  at  the  rate  hft(a  +  2b)  (t  -  tj.  However,  some  parts 
of  the  fin  are  at  temperatures  higher  than  --t  ,  and  so  only  a  fraction  of 
this  heat  is  actually  picked  up.  This  fraction,  denoted  by  r|  and 
called  the  fin  effectiveness,  may  be  evaluated  by  means  of  the  equation 
(Ref.  63,  p.  235), 
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FIG.  4-14  MODEL  OF  INNER  SKIN  FOR  APPROXIMATE  ANALYSIS 


( 14-65  )1 


■where  kc  is  the  thermal  conductivity  of  the  akin  and  Y  its  thickness. 
Hence, 


%  55  'l*  Va  +  -  V 


(4-66) 


This  heat  must  flow  through  the  thin  air  layer  representing  the 
thermal  resistance.  Therefore, 


<Ii-67) 


where  kfi  is  the  conductivity  of  t.h«  Air  at  an  average  temperature.  Elimi¬ 
nating  t  from  Eq.  U-66  and  -67, 


tQ  -  t 
a  s 


i  a  i 

kfl(c  -  a)  ',^ha(a  +  2b) 

Substituting  this  expression  for  q'  into  Eq.  li— 6li, 

S  C- 


q"  3=  h 


a  1  c 


i  + 


ha  xe 


L  V1-  !)  +  j 

:  Comparing  Eq.  h-59,  -63,  and  -6?, 

1 


F  -  -  + - r— - 

c  h  x 
a  a 


P  - 1}  +  2 


04-68) 


04'  6^) 


( h-70 ) 


The  function  tanh  x  S  (ex  -  e”*)/  (ex  +  e”  ).  Its  values  can  be 
found  in  almost  any  engineering  handbook  or  ordinary  collection  of  mathe¬ 
matical  tables. 
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( U— 71) 


If  the  bond  is  perfect,  x  =  0  and 

0 


F  = 


a 

c 


+ 


Tills  equation  is  in  good  agreement  ’rri.th  Jonas'  results  and  is  considerably 
easier  to  use.  If  the  bond  is  a  perfect  insulator,  =  oo  and  Eq.  li-?0 
falls  to  apply  because  it  neglects  to  account  for  the  fin  effect  of  the 
outer  skin.  In  this  case  it  appears  that  if  0,7  c,  the  value  of  F 
is  at  least  1.0. 


The  above  analysis  can  be  extended  to  the  case  where  the  duct 
side  of  the  inner  skin  is  uninsulated.^  However ,  the  result  is  rather 
clumsy  to  erqploy.  The  analysis  of  Hardy  and  Morris  (Ref.  55),  presented 
in  the  next  section,  accounts  for  the  heat  transfer  from  the  air  in  the 
distribution  duct  in  a  simpler  though  less  accurate  manner. 


ii— 20, 2  Approximations  of  h ^h^  based  on  Uniform  Tenperature  of  the 


Inner  Skin 

Hardy  and  Morris  (Ref.  55)  found  from  their  measurements  that 

the  difference  t  -  t  was  virtually  uniform  for  each  rate  of  flow 
c  s 

passing  through  the  experimental  heat  exchanger.  They  based  their  cal¬ 
culations  on  the  assumptions  that  the  inner  and  outer  skins  reach  uniform 
temperatures  at  average  values  t  and  t  ,  respectively.  It  is  as 
though  they  had  assumed  that  the  conductivity  of  the  skin  in  the  spanwise 

dircotion  is  infinitely  great.  Thus,  with  reference  to  Fig.  1-13,  they 

2 

coma  to  the  following  four  equations i 


The  heat,  transferred  directly  to  the  outer  skin  is 


-  h.tt 


a 


<U-72> 


^Hauger  (Ref,  56)  has  investigated  the  uninsulated  case  using  an 
analog  conputer, 

2 

It  nay  be  observed  here  as  well  as  elsewhere  that  the  thermal  re¬ 
sistance  of  the  metal  in  the  transverse  direction  is  relatively  small  and 
is  neglected. 
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The  heat  transferred  from  the  interior  of  the  passage  to  the  inner  skin  is 


-  h.<*.  -  V(o  * 2 !> 


(I1-73) 


The  heat  transferred  from  the  distribution  duct  to  the  inner  skin  is 


=  hd^d  “  +  2  c' 


(U-7U) 


And  the  heat  transferred  through  the  bond  between  the  two  skins  is 


4  +  4 sr  -  t.)d  - t> 


(4-75) 


Each  value  of  q"  is  based  on  a  square  foot  of  the  outside  surface  of  the 

wing.  Similar  equations  can  be  written  for  other  shapes  of  passages.  In 

tills  way  four  equations  are  obtained  with  the  unknowns,  q",  q£,  q",  and 

The  first  equation  can  be  solved  directly  for  and,  therefore, 

only  the  last  three  need  be  solved  simultaneously.  The  simplest  procedure 

ia  to  solve  for  tc  and  then  to  evaluate  q|j  and  qy  mien  Eq.  U—73 j 

-74,  and  -75  are  solved  for  t  the  result  is 

c 

F<1-!)t«*h.<!',2!>  v*  V1  ♦ !  !>  t, 

tG  O  — 9 — ^ - - - • - — 1 - - - -  (4-76) 

~  (1  -  f)  +  ha(|  +  2  |)  +  hd(l  +  2  |) 

.  e;  ■ 

•j  ‘  •  V  .  } 

Finally,  the  ratio  F  can  be  Evaluated  using 

ii  •  11  11  u 

.  \  +  q,  +  q, 

«»  _  4-  J  n.  nn\ 


h  t  -  t 
a  a  s 


(4-77) 


4*20.3  Values  of  the  Equivalent  Air  Thickness  xe 

As  already  suggested,  the  contact  resistance  of  the  bond  between 
the  inner  and  outer  skins  has  come  to  be  expressed  in  terms  of  the  thick¬ 
ness  of  an  air  film  which  would  have  the  same  thermal  resistance  as  the 
bond,  assuming  that  the  heat  flows  only  by  conduction  through  the  film.  In 
general,  xe  depends  on  the  design  of  the  joints  and  the  quality  of  the 
workmanship 
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Hauger  (Ref.  56)  performed  interferometric  tests  on  bonds  between 
flat  sheets  of  0.05l-in.  dural  and  corrugated  sheets  of  0.016-in.  2I4ST 
aluminum.  The  equivalent  air  thicknesses  which  he  measured  are  given  in 
Table  U-2. 


Table  lj-2  EQUIVALENT  AIR  THICKNESS  OF  CONTACT  RESISTANCES 


Description  of  bond 

Equivalent  air  thickness, 
XQ  (ir,  • ) 

1,  Production  riveted  using  rivet  gun, 
rivets  spaced  3  in.  on  center 

0.0127 

2.  Production  riveted  using  rivet  gun, 
rivets  spaced  1.5  in.  on  center 

0.0058 

3.  Hand  riveted,  rivets  spaced  3  in.  on 
center 

0.0072 

U.  Cemented,  using  EPON  VI  adhesive 

0.00097 

5.  Spot  welded,  using  overlapping  spots 

0.00086 

The  test  pan&l  used  by  Hardy  and  Morris  (Ref.  55)  consisted  of 
two  sheets  of  a  ljlight  alloy  fastened  by  rivets.  The  authors'  found  values 

of  k  /x  varying  from  lt3  to  69  B/hr  ft  F.  This  variation  may  be1  due 

fl  0 

partly  to  the  approximative  nature  of  their  analysis,  partly  to  the  varia¬ 
tion  of  the  air  flow  through  the  gaps,  and  partly  to  the  oversimplification 
of  using  an  equivalent  air  resistance.  Employing  their  average  value, 
namely,  55  B/hr  ft^  F,  the  equivalent  air  thickness  would  be  about 
0.0035-in.,  which  is  in  fair  agreement  with  Hauger's  values. 

A  recent  investigation  by  Barzelay,  Tong,  and  Hollo  (Ref.  7)  on 
thermal  conductance  of  various  aircraft  joints  indicates  that  the  contact 
resistance  in  any  one  of  them  cannot  be  simply  represented  by  the  con¬ 
duction  across  an  air  film.  The  reason  is  that  the  radiation,  the  metal- 
to-met al  conduction,  and  the  air-film  conduction  are  interdependent.  In 
particular,  the  radiation  makes  x  dependent  on  the  temperature  level  in 
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a  marine i'  which  cannot  be  accounted  for  simply  by  the  variation  of  k  with 
temperature. 

Accordingly,  the  values  of  xo  found  in  Ref.  55  and  56  should  be 
regarded  as  qualitative,  showing  the  relative  thermal  conductance  of  the 
various  joints.  It  is  believed,  however,  that  calculated  results  based  on 
those  values  will  be  satisfactory  for  +>*>  present  purpose • 

U-20.li  Recommendations  regarding  Evaluation  of  thq  Ratio  h ^r'h 

There  is  insufficient  evidence  to  say  which  of  the  several  sug¬ 
gested  methods  is  most  accurate  in  evaluating  the  ratio  F.  It  is  believed 
that  both  methods  described  will  give  results  which  are  satisfactory.  The 
method  by  Hardy  and  Morris  has  the  advantage  that  it  estimates  the  rate  of 
heat  transferred  from  the  air  in  the  distribution  duct. 

Some  calculations  were  carried  out  so  that  values  of  F  could 
be  compared.  The  basic  data  were-  the  same  as  those  employed  by  Jonas  (Ref. 
66,  Fig,  2)  i 

'  Temperature  of  exterior  air 
Local  temperature  of  air  in  passages,  t& 

Outer  skin  thickness 
Inner  skin  thickness,  Y 

Outside  local  coefficient  of  heat  transfer,  h 

Local  coefficient  of  heat  transfer  inside 
the  passages,  hR 

Conductivity  cf  the  metal,  k 

c 

Height  of  passage,  b 

In  addition,  the  following  data  were  assumeds 
Surface  temperature,  t 

s 

Local  temperature  of  air  in  the  duct, 

Coefficient  of  heat  transfer  in  the  duct, 

Equivalent  air  thickness  of  contact  resistance,  x 

Conductivity  of  air  at  mean  temperature  of 
joint,  ks, 


80 1 ‘F 
U50*F 

3  B/hr  ft2  F 
0.006  in. 

0.020  B/hr  ft  F 


0°F 
350 ''F 
0.01,0  in. 
0.020  in. 

15  B/hr  ft2  F 

6  P/hr  ft2  F 
120  B/hr  ft  F 
0.125  in. 
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Pitch  of  corrugations |  c 
Width  of  passage ,  a 


2.5  in, 

2  in. 


The  results  are  presented  in  Table  l*-3. 


Table  U-3  COMPARISON  OF  VALUES  OF  THE  PATIO  F  =  h(>/ha 


Source  of  calculation 

Assumptions 

F 

(1) 

Jonas'  graph 
(Ref.  66,  Fig.  2) 

Perfect  bond  j  spanwise  conduct  ion  in 
both  s.'dLnaj  inner  skin  insulated  on 
duct  side. 

1.60 

(2) 

Eq.  14-71 

Perfect  bond}  spanwise  conduction  in 
inner  skin  only j  inner  skin  Insulated 
on  duct  side. 

1,63 

(3) 

Eq.  U— 70 

i 

Imperfect  bond)  spanwise  conduction 
in  inner  skin  only 5  inner  skin  in¬ 
sulated  on  duct  side. 

1.1*3 

<1») 

Eq.  14-77 

i 

Imperfect  bond}  heat  transfer  from 
the; air  in  the  distribution  duct. 

1.63 

With  regard  to  the  first  and  second  results,  the  agreement  is 
typical  of  the  agreement  obtained  using  other  practical  values  of  a  and 
flt.  This  agreement  may  possibly  be  fortuitous  on  account  of  the  particular 
passage  height  and  coefficients  of  heat  transfer  that  have  been  chosen. 

The  third  result  shows  the  influence  of  the  imperfect  bond. 

It  is  undoubtedly  circumstantial  that  the  fourth  result,  which 
includes  the  influences  of  both  the  imperfect  bond  and  the  heat  transfer 
from  the  D  duct,  is  in  good  agreement  with  the  first  and  second  and  not 
with  the  third  result.  However,  even  if  the  influence  of  the  heat  trans¬ 
fer  from  the  D  duct  had  been  included  in  the  third  calculation,  the 
value  of  V  would  have  been  increased  from  1.1*3  to  1.1*6,  Further,  if 
the  coefficient  hfi  had  been  calculated  using  the  conventional  Eq.  i*-5'0 
instead  of  Eq.  h-6l  based  on  the  data  of  Hardy  and  Morris,  the  third  re¬ 
sult  would  havo  been  l.J*9. 
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It-  is  obvious  that  since  the  method  of  Hardy  and  Morris  neglects 
the  effect  of  finite  conductance  of  the  inner  skin,  it  will  yield  optimis¬ 
tic  results.  Before  using  this  method  the  designer  should  perform  some 
preliminary  calculations  to  indicate  the  degree  of  optimism  under  conditions 
existing  in  the  particular  design  and  should  apply  a  correction  factor  to 
compensate . 

it— 21  Heat  Transfer  on  the  Internal  Stagnation  Region 

The  shape  of  the  entrance  to  the  double-skin  passages  has  a  signifi¬ 
cant  effect  upon  the  heat  transfer  at  the  internal  stagnation  region.  Since 
a  great  variety  of  entrance  shapes  is  possible,  a  systematic  investigation 
on  the  effects  of  several  shape  parameters  is  required.  Only  a  relatively 
small  amount  of  information  on  this  subject  is  in  the  literature  and  general¬ 
ization  of  this  information  must  await  further  experimentation. 

Trlhus  and  Tessmari  (Hef.  127)  report,  on  measurements  of  an  average 
coefficient  of  heat  transfer  at  the  internal  stagnation  region  preceding 
the  entrance  to  the  passages  shown  in  Fig.  l~2(g).  The  entrances  had  a 
round  shape  as  shown  in  Fig.  1-1  and  were  located  about  3/8  in,  from  the 
stagnation  lines;  the  flew  was  evenly  divided  between  the  upper  and  lower 
heat  exchangers.  A  rather  small  amount  of  data  wna  obtained.  The  arith¬ 
metic  man  of  the  air  and  surface  tenperatuPes  was  about  llj6*F.  Introducing 
the  influence  of  the  temperature  on  the  basis  that  the  flow  in  the  stag¬ 
nation  region  is  laminar  and  basing  the  correlation  on  half  of  the  combined 
air  flow  in  Ib/hr  ft-span  of  both  the  upper  and  the  lower  heat  exchangers, 
the  authors'  correlation  may  be  represented  approximately  by 

h8t  *  0.069  T^  (w;)  04-78) 

Further  generalization  is  not  possible  at  the  present  time. 

Boelter,  Johnson,  and  Sanders  (Ref.  16)  measured  average  coefficients 
of  heat  transfer  at  the  internal  stagnation  region  of  the  same  type  of 
heat  exchangers  but  with  passages  of  the  type  shown  in  Fig.  l~2(e).  The 
distance  between  the  two  lips  of  the  rounded  inlet  was  about  3/3  6  in,  Ex¬ 
perimental  results  may  be  represented  by  the  equation 


21  It 
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n  <  -  °’59 
hst  -  °-u  Tt  <*;) 

HeuDVing  the  round  lips  and  sBasuring  the  coefficient  for  the  sharp  edges, 
which  were  spaced  about  3/1)  in.  apart,  the  authors  obtained  values  30  per 
cent  lower  than  the  values  given  by  Eq.  However,  the  local  coeffici¬ 

ent  in  the  passages  with  the  sharp-edge  inlets  were  about  10  per  cent 
higher  than  those  in  the  passages  with  round-edge  inlets. 

On  account  of  the  limited  experimental  set-ups  employed,  these  equations 
should  be  applied  with  caution  to  other  than  the  configurations  embraced  by 
the  investigations. 
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Chapter  5t  MASS  BALANCE  CP  WATER  ON  A  HEATED  AIRFOIL 


5-x  Effective  Operation 

A  thermal  anti-leing  system  will  be  said  to  perform  affectively  when 
the  rate  at  which  water  accumulates  on  the  surface  by  impingement  is  equal 
to  the  rate  at  which  the  water  leaves  the  surface  by  evaporation,  no  ice 
being  present  on  the  surface.  This  statement  is  the  basis  for  the  mass 
balance  developed  in  the  present  chapter. 

The  heat  required  to  evaporate  the  water  comes  from  the  double-skin 
Hester  and  from  aerodynamic  heating.  This  subject,  the  heat  balance,  is 
dealt  with  in  the  next  chapter. 

.  5-2  Dry  Anti-Icing 

The  araa  of  impingement  is  considered  to  be  completely  covered  with 
a  film  of  water  which  usually  is  flowing  aft  at  each  point  on  the  surface. 
If  the  rate  of  heating  is  high  and  the  rate  of  impingement  not  too  severe, 
it  may  happen  that  no  water  flows  bayond  the  area  of  impingement.  Under 
these  conditions  the  ant i-i ding  is  said; to  be  "dry",  and  a  system  designed 
for  complete  evaporation  on  the  area  of  impingement,  is  called  a  "dry  anti¬ 
icing  system''. 

The  heat  input  required  by  a  dry  anti-icing  system  is  quite  sensitive 
to  the  rate  of  water  impingement.  These  systems  require  high  temperatures 
and  high  rates  of  heat  transfer  per  unit  span. 

, 5-3  Rnnback  and  the  Surface-Wetness  Fraction 

At  high  rates  of  impingement,  some  of  the  water  in  the  surface  film 
flows  aft,  out  of  the  region  of  impingement.  This  flow,  called  runback, 
does  not  occur  as  a  continuous  sheet  but  in  the  form  of  thin  .rivulets. 

The  water  of  the  rivulets  may  evaporate  if  sufficient  heat  is.  conducted 
from  the  double-skin  heater  through  the  outer  skin  of  the  airfoil,  or  if 
the  air  speed  is  high  enough  to  provide  considerable  aerodynamic  heating, 
or  if  both  these  conditions  prevail  simultaneously.  However,  if  the  rate 
of  impingement  becomes  more  severe,  the  rivulets  may  flow  farther  aft  to 
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a  region  where  the  amount  of  heat  they  receive  is  not  sufficient  either  to 
evaporate  them  or  to  keep  them  in  the  liquid  state,  and  there  they  may 
freeze. 

Consider  a  long  line  drawn  spanvri.se  on  the  wet  surface  of  a  wing.  The 
ratio  of  the  wetted  length  to  the  total  length  is  called  the  surface-wetness 
fraction  e  .  Of  course,  in  the  impingement  region  its  value  is  1.0$  but 
in  other  regions  it  is  less  than  1.0.  Averages  of  some  typical  values,  of 
a  obtained  on  a  particular  airfoil  are  shown  in  Fig.  5-1,  which  is  taken 
from  Ref.  98.  Quantities  s^  and  s^  are  the  limits  of  impingement; 
hence,  the  abscissas  are  distances  measured  downstream  from  the  end  of  the 
impingement  area.  It  is  believed  that  the  values  on  this  curve  may  be 
used  to  obtain  satisfactory  results  for  other  airfoils.  Notice  that  the 
runback  falls  off  sharply  reaching  a  value  of  about  0.2  at  a  distance 
of  about  half  a  foot  beyond  the  limit  of  impingement.  Therefore,  it  is 
important  that  a  large  part  of  the  water  be  evaporated  on  the  leading  edge; 
otherwise,  the  runback  may  extend  excessively  far  aft. 

5— ii  Wet  Anti-Icing 

The  term,  "wot  antii-icing  system",  refers  to  a  system  designed  on  the 
basis  that  the  surface  temperature  be  at  some  preselected  value  greater 
than  32*®' •  This  type  of  design  is  seldom  employed  today  unless  the  air 
speed  is  sufficiently  high  so  that  aerodynamic  heating  provides  a  large 
amount  of  thermal  energy  and  the  shape  and  size  of  the  object  are  such 
that  heat  can  reach  a  large  portion  of  its  surface  at  a  moderate  rate  per 
unit  area.  These  systems  are  found  to  be  more  sensitive  to  the  air  tempera¬ 
ture  than  to  the  rate  of  water  infringement. 

5-5  Evaporative  Anti-Icing 

A  more  rational  approach  to  the  problem  is  to  consider  a  mass  and 
heat  balance  on  the  entire  surface  or  at  each  point  on  the  surface.  The 
latter  procedure  is  the  more  accurate  one;  usually  a  compromise  is  reached 
by  considering  heat  and  mass  balances  on  several  divisions  of  the  surface. 
Since  dry  or  wet  anti-icing  systems  can  be  considered  as  special  cases,  and 
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(s-sM)  OR  ( S  —  8^)  (ft) 


FIG.  5-!  SURFACE-WETNESS  FRACTION  BEYOND 
IMPINGEMENT  AREA 
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since  they  can  be  analyzed  by  the  same  methods  used  in  the  analysis  of 
evaporative  systems,  only  evaporative  systems  will  be  considered  in  this 
manual . 

It  will  be  assumed  that  the  chordwise  heat  conduction  along  the  skin 
has  no  influence  on  any  water  that  may  run  beyond  the  heated  area.  It 
.will  be  necessary  to  consider  whether  aerodynamic  friction  alone,  behind 
the  double-skin  area,  is  adequate  to  provide  the  heat  necessary  for 
evaporating  the  water.  Accordingly,  the  chordwise  heat  conduction  in  the 
skin  may  De  considered  to  provide,  in  a  sense,  a  margin  of  safety. 

5-6  Mass  Balance  on  an  Elemental  Area  of  Profile  Length  A  s 

A  two-dimensional  wet  wing  having  a  spanwise  length  of  one  foot  is 
considered.  On  an  elemental  surface  area  of  profile  length  As  ex¬ 
tending  from  s  to  .  s  +  As,  as  shown  in  Fig,  5-2,  the  rate  of  water 
impingement  is  TV"  •  (As  •  1).  The  rate  of  evaporation  from  the  elemental 
area  is  m"  •  (As  •  1)  •  e  .  Quantities  W",  m",  and  e  depend  upon  s. 
The  quantity  e  is  the  surface-wetness  fraction  discussed  in  Section  5-3 3 
it  is  equal  to  1  wherever  TV"  :=*•  0.  The  methods  for  calculating  W"  are 
treated  in  Chapter  3>  and  the  evaluation  of  m"  is  a  subject  of  later 

"  ..  I  ■ 

sections  in  the  present  chapter. 

It  may  be  .supposed  that  some  Water  flows  in  the  film  along  the  sur¬ 
face,  If  the'  rate  of  flow  per  unit  length  of  span  at  position  s  be 
denoted  by  w* ,  then  the  rate  of  flow  at  position  s  +  As  may  be  denoted 
by  w'  +  •  As. 

Equating  the  rate  at  which  -water  ccnss  to  the  elemental  surface  to 
the  rate  at  which  water  leaves, 

riw  f 

W"  •  As  +  w'  =  6  m"  *  As  +  (w1  +  •  As) 

Simplifying, 


W»  -  t  m"  = 


dw1 

els 


(5-1) 
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This  equation  shows  how  the  rats  of  water  accumulation  with  respect  to 
distance  along  the  surface  depends  on  the  local  rates  of  impingement  and 
evaporation.  It  is  based  on  steady-state  conditions]  that  is,  icing  and 
flight  conditions  are  assumed  to  be  steady,  and  the  rate  of  flow  and  thick¬ 
ness  of  the  film  at  every  point  are  assumed  to  be  independent  of  the  time. 

On  the  region  of  the  surface  near  the  forward  stagnation  point,  IP 
will  usually  substantially  exceed  m"j  therefore,  in  this  region  the  rato 
of  water  flowing  in  the  film  would  increase  with  increasing  length.  Far¬ 
ther  downstream  there  may  be  a  region  -where  W"  ~  mMj  there  w'  remains 
uniform.-  Farther  along  the  surface,  the  evaporation  rate  may  exceed  the 
rate  of  water  interception,  and  the  rate  of  flow  in  the  water  film  diminishes. 
Beyond  the  area  of  impingement,  W"  =  0  and  w'  decreases  at  the  rate 
-  i  m"  until,  finally  w'  =  0  and  the  film  ends.  Integrating  Eq.  5-1 
and  taking  w’(o)  =0, 

(£-2) 

In  a  performance  analysis  of  an  anti-icing  system  to  determine  whether  it 
is  effective,  the  integration  is  carried  out  on  the  upper  and  lower  sur¬ 
faces  until  the  values  of  s  ?  are  reached  where  w1  =0.  If  icing  is  en¬ 
countered  along  the  way,  the  design  must  be  modified,  i 

5-7  Further  Considerations  of  Evaporation  Rates 

In  Section  li-13  a  coefficient  of  mass  transfer  b  was  defined  by  the 


equation, 

'  ■ 

m"  =  b(Pv,s  -  fv,l^ 

(h-35) 

This  equation  is  satisfactory  at  high  total  pressures  of  the  air-water- 
vapor  mixture  and  small  temperature  differences.  To  use  the  coefficient 
b  for  other  circumstances,  however,  Eq.  ii-35  must  be  modified. 


(s)  =  (TP  -  em")  ds 
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5-7 .1  Evaporation  Rate  in  Terms  of  Partial  Pressures 

Within  the  i*anges  of  vapor  pressures  and  temperatures  encountered 

in  the  present  application,  it  may  be  assrned  that  the  water  vapor  behaves 

like  a  thermally  perfect  gas.  This  allows  the  thermodynamic  properties  of 

the  vapor  to  be  calculated  as  though  the  air  were  not  present.  It  also 

allows  p  and  p  .  to  be  evaluated  in  terms  of  the  partial  pressures 
5v,s  fv,l 

of  the  vapor » 

Pv  =  STT 
V 

where  .  Ry  =  85.8  ft  lb/ lbffl  F  =  1.213  ft3  in . -mercury/ lb^  F  is  the  gas  con¬ 
stant  of  water  v.ipor  and  =  Hence,  Eq.  U— 35  may  be  written, 


(S-U) 


This  equation  is  satisfactory  if  the  partial  pressure  of  the  vapor  is  very 
small  compared  with  the  local  static  pressure,  that  is,  at  low  altitudes., 


5-7 . 2  Influence  of  Induced  Convection 

The  sum  of  the  partial  pressures  of  the  air  and  vapor  i3.  virtually 
uniform  across  the  boundary  layer  along  any  normal  to  the  surface.;'  There- , 
fore,  if  tne  partial  pressure  of  the  vapor  is  decreasing,  the  partial  pres¬ 
sure  of  the  air  is  increasing,  and  the  air  diffuses  toward  the  surface. 

But  since  the  air  cannot  .penetrate  the  surface,  a  counter  convection  of  ■ 
the  air  occurs  which  carries  with  it  additional  vapor.  Analysis  shows 
that  Eq»  5-li  can  be  modified  to  allow  for  this  additional  transfer  of  rt:as3t 


(5-5) 


When  p  is  much  less  than  p^,  which  usually  happens  at  low  altitudes, 
particularly  when  the  surface  temperature  is  low,  Eq.  5-U  and  -5  are 
practically  identical. 
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The  induced  convection  also  influences  the  diffusion  from  the 
mathematical  viewpoint,  because  it  affects  the  boundary  conditions  which 
the  solution  of  the  differential  equations  of  motion  and  diffusion  must 
satisfy.  However,  in  the  case  of  the  evaporation  of  water,  as  in  the 
present  application,  the  quantitative  effect  is  minor;  for  this  reason, 
the  principle  of  similarity  may  be  applied  to  calculate  mass  transfer 
rates  from  heat  transfer  rates  as  in  Section  lj-l5. 


■The  change  of  mechanical  and  thermal  properties  of  the  air  due 
to  the  presence. of  the  vapor  is  very  small,  and  may  be  neglected  in  the 
present  application . 


5-7.3  Influence  of  Non-Uniform  Temperature  across  the  Boundary  Layer 
Wien  the  temperature  of  the  surface  is  much  larger  than  the 
temperature  at  the  outer  edge  of  the  boundary  layer,  as  often  happens  in 
thermal  anti-icing,  Eq.  U-35  may  possibly  give  unsatisfactory  results.1 
Jakob  (Ref./  63)  has  therefore  reconxnended  that  Eq.  5-5  be  modified  by 
replacing  T  with  the  arithmetic  mean  film  temperature  T^.  The  result 
is  tha1 


m1* 


b  ,  pv,b  ~  Fv,l 
pv,s 
"  »1 


(5-6) 


Equation  5-6 /has  yet  to  be  checked  by  experiments  on  evaporation  to  an  , 
airstream  from  a  wet  Surface  heated  from  below.  However,  in  the  limiting 
cases  of  low  pressure  differences  and  small  temperature  gradients,  it  is 
in  agreement  with  the  simpler  equations  presented  above,  which  have  led 
to  satisfactory  predictions  in  the  past,  not  only  in  anti-icing  problems 
but  in  other  fields  as  well.  On  account  of  this  agreement,  and  because  it 
allows  fox*  deviations  from  those  limiting  cases,  Eq.  5-6  will  be  employed 
as  a  basis  for  design  and  analysis.  In  Section  5-10,  Eq.  5-6  I3  brought 
to  a  more  convenient  form  to  facilitate  the  calculations. 


1This  is  an  effect  other  than  50-callcd  "thermal  diffusion",  which 
is  mentioned,  for  example,  in  Ref.  95. 
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5-8  Supersat oration  and  the  Evaluation  of  p  , 

■  -  -  ■  -  -  - - -  V*- - 

With  reference  to  Eq.  5-6,  it  has  already  been  remarked  that  p 

Y,S 

is  the  saturation  pressure  of  steam  at  the  temperature  t  .  The  vapor 

s 

pressure  p  .  could  possibly  be  assumed  to  be  the  saturation  pressure 
v,l 

at  the  temperature  However,  a  considerable  amount  of  evidence  indi¬ 

cates  that  an  alternative  procedure  is  required. 

As  the  fog  passes  over  the  leading  edge  of  the  airfoil,  its  pressure 
decreases  and  the  water  vapor  expands.  The  expansion  may  be  considered 
isentroplc.  In  an  enthalpy- entropy  diagram  of  the  stream,  the  state  point 
of  the  steam  would  start  at  the  saturation  line  and  descend  into  the 
region  where  the  liquid  and  vapor  would  ordinarily  be  in  thermodynamic 
equilibrium.  If  they  were  in  equilibrium,1  the  droplets  would  grow  by 
the  process  of  condensation.  The  fact  is  that  the  water  vapor  does  not 
condense;  it  seems  that  there  is  insufficient  time  for  this  process  to 
occur.  Experience  shows  that  the  vapor  condenses  when  it  reaches  the  so- 
called  Wilson  line.  This  is  an  experimentally  determined  characteristic 
of  steam  coinciding  approximately  with  the  line  of  3*5  per  cent  moisture 
(Ref.  133)  as  shown  in  Fig.  5-3*  This  figure  is  a  reproduction  of  a  small 
part  of  the  Molller  steam  chart  in  Ref.  72  to  which  the  Wilson  line  has 
been  added.  As  can  be  seen  in  Fig.  5-3,  relatively  iarge  isentroplc  pres¬ 
sure  changes  would  be  needed  to  reach  the  Wilson  line  from  saturation. 

Since  such  changes  usually  lie  beyond  the  range  occurring  in  the  present 
application,  more  vapor  is  expected  during  the  expansion  than  is  predicted 
by  equilibrium  calculations.  The  pressure  of  this  so-called  supersat urat ad 
vapor  is  somewhat  in  excess  of  the  vapor  pressure  of  saturated  vapor  at  the 
temperature  of  the  supersaturated  vapor  and  the  lines  of  constant  pressure 
are  disturbed  from  their  equilibrium  positions  shown  in  the  diagram. 


Hence,  it  is  assumed  that  no  water  condenses,  that  the  constituents 
behave  according  to  Dalton's  law  of  partial  pressures,  and  that  the  vapor 
pressure,  like  the  pressure  of  any  inert  constituent,  changes  in  proportion 

^"Calculations  regarding  fog  in  thermodynamic  equilibrium  can  be  con¬ 
veniently  carried  out  using  the  enthalpy- entropy  diagram  devised  by 
Hensley  (Ref.  60). 
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FIG.  5-3  WILSON  LINE  IN  AN  ENTHALPY 
ENTROPY  DIAGRAM  OF  STEAM 


to  the  local  absolute  static  pressure.  Briefly 


' ' v,l 


P„ 


'  V,0 


(5-7) 


5-9  Specific  Humidity  or  Humidity  Ratio 

The  thermodynamic  properties  of  a  mixture  of  air^1  and  water  vapor  are 
conveniently  expressed  in  terms  of  the  specific  humidity,  or  the  humidity 
ratio,  which  is  the  ratio  of  the  vapor  density  to  the  air  density.  Also, 
rates  of  evaporation  may  be  expressed  in  terras  of  the  specific  humidity. 
Tor  all  practical  purposes  the  specific  humidity  may  be  evaluated  by  means 
of  the  relationship  of  state  for  thermally  perfect  gases  and  Dalton's  law 
of  partial  pressures.  Thus, 

10 


Since  p  =  p  -  p  and 
a  v 

w 

Subscript  a  refers  to  the  dry  air  and  M  denotes  the  molecular  weights ^ 
p  denotes  the  sum  of  the  partial  pressures.  Equation  5-9  may  be  used  to 
calculate  the  specific  humidity  of  a  mixture  when  the  vapor  is  either 
superheated,  saturated,  or  supersaturated.  Values  of  u3  for  saturated 
air  are  presented  in  the  graph  of  Fig.  S-b.  for  absolute  pressures  from 


The  term  "air”  used  in  the  phrase  "mixture  of  air  and  water  vapor" 
always  refers  to  the  part  of  the  mixture  that  is  dry  air.  The  term  "satu¬ 
rated  air"  means  a  mixture  of  air  and  dry,  saturated  water  vapor,  or  water 
vapor  on  the  verge  of  condensing. 

The  liquid  water  in  a  cloud  contributes  vsry  little  to  the  value  of 
the  thermodynamic  properties.  Unless  otherwise  specified,  the  specific 
humidity  of  a  cloud  will  include  only  the  saturated  vapor,  the  liquid 
water  content  being  excluded.  Of  course,  the  liquid  water  content  is 
very  important  in  considering  the  rate  of  water  impingement. 

^Employing  Mv  =  lo.uiou  and  =  28.966  (Ref.  119),  the  ratio 

Hv/Ma  =  0.622. 


_  fv  Ra  pv 
fa  Rv  -  pa 

MaRa  3  W  Kci*  becomes 


U  P 
v  _  *v 

fl~  p  -  p 

a  *  *V 


(5-8) 


(5-9) 
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10  to  32  in. -mercury;  also,  values  at  pressure  altitudes  of  10,000  and 
20,000  ft  are  plotted.  Goodman  (Ref.  I18)  has  tabulated  values  of  to  in 
the  ranges  22(1)32  in. -mercury  and  -U0(1)20Q*F.  When  a  difference  of  to 
corresponding  to  a  small  temperature  difference  is  required,  it  may  be 
necessary  to  use  calculated  values  of  10  instead  of  values  from  the 
graph. 


5-10  Evaporation  Rates  in  Terms  of  Specific.  Humidity 

Bnploylng  the  relationship  M  R  =  M^R^  and  Eq.  5-7,  £q*  h-9  may  be 
written  in  the  form, 


m" 


Pi  [\ 

m 


(5-10) 


The  fraction  ahead  of  the  braces  is  the  density  6f  air  in  lb/ft^  at  pres¬ 
sure  p-j_  and  temperature  T^J  denote  it  by  Since  the  maximum 

static  temperature  of  the  main  stream  in  the  present  application  will  be 
low,  pv  Q  pp,  and  the  product  (Hr^pv  0)/(WaP0)  can  be  replaced  by 
bjQ.  Hence, 


For  low  altitudes  and  small  differences  between  temperatures  Tg  and  T^, 
Eq.  5-11  reduces  to 


(5-12) 


This  is  equivalent  to  the  expression  employed  by  most  investigators. 

In  Section  li— lii,  it  was  shown  that  a  coefficient  of  mass  transfer  could 
be  written  in  terms  of  a  corresponding  coefficient  of  heat  transfer.  Elimi¬ 
nating  b  from  Eq-  U— 39  an<*  5-12  and  noting  that  a  »<.  (p  .  )  (consistent 
with  previous  assumptions), 


m" 


h 


(5-13) 
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SPECIFIC  HUMIDITY 


TEMPERATURE  t  (°F) 

FIG.  5“ 4  SPECIFIC  HUMIDITY  OF  SATURATED  AIR 
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SPECIFIC  HUMIDITY 
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TEMPERATURE  f  (°F) 

FIG.  5-4  (CONT.)  SPECIFIC  HUMIDITY  OF  SATURATED  AIR 
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irhere  I  h as  been  taken  to  be  1.1  and  1.0,  respectively,  for  the 
laminar  and  turbulesnt  boundary  layers,  and  c  =  0.2k  B/lb  F. 

i'  i  ^ 

It  la  apparent  that  for  any  given  icing  and  flight  condition,  the  sur¬ 
face  temperature  T  as  well  as  the  coefficient  h  must  be  known  in  order 
s 

to  determine  m".  The  next  chapter  shews  hew  the  distribution  of  the  sur¬ 
face  temperature  T  along  the  airfoil  profile  may  be  calculated, 
s 
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Chapter  6 :  HEAT  BALANCE  OH  A  WET  AI  fiFOIL 


6-1  Heat  Balance  on  an  Elemental  Area 

In  order  to  determine  the  performance  of  a  given  thermal  anti-icing 
system,  a  heat  balance  is  required  for  each  elemental  area  of  the  surface. 
It  will  be  convenient  tc  write  the  heat  balance  by  applying  the  First  Law 
of  Thermodynamics  to  a  typical  elemental  system  comprised  of  the  outer  skin 
and  the  water  film,  represented  by  the  region  AEFD  in  Fig.  6-1.  Being  thin 
..and  of  high  conductivity,  the  metal  skin  and  water  film  have  high  conduct¬ 
ances  compared  to  the  inner  and  outer  surface  conductances.  Therefore,,  it 
may  be  assumed  that  sections  AE  and  DF  are  isothermal. 

Thermal  energy  enters  the  element  through  the  surface  EF  at  the  rate 
q"1  •  (As  •  1)  by  convection  from  the  hot  air  in  the  heater.  The  water 
droplets  impinging  upon  the  surface  AT  come  practically  to  rest  and  the 
thermal  energy  they  bring  with  them  enters  the  system  at  the  rate 
W"(i  .)...•  (As  *  1).  Subscript;  w,o  refers  to  the  water  in  the  super- 
cooled  cloud  at  temperature  tQj  Subscript  tot  refers  to  the  total  or 
stagnation  condition.  Thus,  (i  ).  ,  is  the  sum  of  the  static  enthalpy 

WjO  tot 

of  the  water  plus  the  thermal  equivalent  of  the  kinetic  energy  of  the 
water  droplets  relative  to  the  airfoil}  the  static  enthalpy  is  referred  to 
saturated  water. at  32*F. 

Thermal  energy  is  also  carried  into  the  system  with  the  flow  in  the 

water  film  through  the  section  ABj  longitudinal  conduction  in  the  water 

is,  neglected  since  the  film  is  relatively  very  thin.  Assuming  uniform 

temperature  T  through  the  depth  of  the  film,  the  rate  is  w'  •  i  _. 

S  W  f  s 

Water  leaving  through  tha, section  DC  carries  energy  at  a  rate  which  may 

be  represented  by  w'  •  i  +  •—  (w1  •  i  )■  •  As. 

Wj  s  ds  w^s 

Heat  also  is  carried  away  from  surface  AD  by  convection  in  the 
boundary  layer.  The  net  rate  in  excess  of  the  aerodynamic  heating  is  de¬ 
noted  by  q£  •  (As  •  1). 

Thermal  energy  is  carried  away  with  the  evaporating  vapor  from  the 
surface  AD  at  the  rate  m"  i  (  e  •  As  •  1)  where  e  is  the  surface - 


T!ADC  TH  5U-313 


231 


ELEMENTAL  SECTION  OF  A  WET  AIRFOIL 


wetness  fraction  defined  in  Section  5-3  •  The  quantity  i 

v,s 

of  saturated  vapor  at  the  temperature  T  . 


is  the  enthalpy 


The  net  rate  of  heat  conducted  longitudinally  through  the  skin  is 

“k  *  ysk  As‘ 

Some  heat  leaves  surface  AD  by  radiation.  However,  the  rate  is 
relatively  small  because  the  temperature  Isvel  is  low.  Therefore,  this 
rate  will  not  be  considered  any  further  in  the  heat  balance. 

Equating  the  sum  of  the  rates  of  energy  entering  to  the  rates  leaving 
our  elemental  system,  simplifying,  and  solving  for  q", 


q«  =  +  frm«iViS  -  W"  •  <i*>0>tot  +  ^  (*'  *  iWj3)  +  *  *  ysk 


Each  of  the  terms  will  be  evaluated,  and  Eq.  6-1  will  be  brought  to  a  more 
convenient  form  for  calculations.  We  begin  with  the  next  to  the  last 


6-1.1  Evaluation  of  ^  (w1  *  iw  fl)  ; 

The  enthalpy  of  the  water  is  conveniently  represented  by 


h,.  -  ;v(T«  - 

where  c  =  1  B/lb  F.  It  follows  that 

P,w 

-r-  (w1  •  i  )  =  1  +  c  w1 

gb  «*,s'  w,s  ds  p,w 


Substituting  for  dw'/ds  from  Eq.  5-1, 


~(w'  •  i  )  =  W”c  (T  -  1*92)  -  m“6  i  +  c  w<  -t~- 

u  J  W*  8  PjW  S  P  jW  uS 
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6-1.2 


Evaluation  of  W"  ■  (i  ) . 

_ y,o  tot 

Evaluation  of  If"  is  treated  in  Chapter  3»  The  stagnation  en¬ 
thalpy  of  the  impinging  water  depends  on  the  local  velocity  at  which  the 
droplets  strike  the  surface.  Those  velocities  can  be  determined  from 
water  droplet  trajectories.  For  example,  Ref.  81  presents  the  distribution 
of  velocities  on  cylinders.  However,  distributions  of  impingement  veloci¬ 
ties  on  airfoils  have  not  been  published.  Since  the  kinetic  energy  of  the 
droplets  is  small  compared  with  other  quantities,  the  stagnation  enthalpy 
can  be  conveniently  expressed  with  sufficient  accuracy  for  design  purposes 
in  terms  of  the  free  stream  velocity.  Accordingly, 


S  Cp,w(T0  “  h92)  *  & 


IT 

0 

CtSW 


(6-5) 


■When'  UQ  is  in  ft/sec,  2gJ  =  50,100  ft^  lb/sec 2  B: 


6-].  3 


quantity 

^,8  *  V.S  +  ^S  <«>  . 

where  A  is  the  latent  heat  of  vaporization  and  subscript  s  refers  to 
the  temperature  T  .  Values  of  A  are  tabulated  by  Goodman  (Ref.  1,8 )  and 

S' 

Keenan  and  Keyes  (Ref.  72).  Goodman  presents  the  following  linear  expres¬ 
sion  which  represents  the  latent  heat' within  0.25  per  cent  in  the  range 
of  temperatures  from  -i,G  to  ll,0*F , 

A  *  1093  -0.55  t  (6-7) 


Evaluation  of  e  m"iv 

Quantities  e  and  m"  have  been  considered  in  Chapter  5*  The 
iy  s  depends  only  upon  the  temperature  Tg.^  In  general, 


6-1. 1  Evaluation  of  q” 

_ 2c 

The  net  rate  of  heat  transfer  by  forced  convection  is  given  by 

Eq .  ii—  2 . 

Ihe  spanwise  temperature  is  assumed  to  be  uniform  even  in  the  region 
of  runback  where  the  airfoil  is  only  partially  wet.  The  low  thermal  re¬ 
sistance  of  the  outer  skin  tends  to  keep  the  temperature  uniform. 

23li 
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6-1.5  .Simplification  of  Equation  6-1 

Substituting  from  Eq.  6-2,  -li,  -5,  -6,  and  ii-2  into  Eq,  6-1  and 
collecting  terms, 

U? 

—  1  4-  e.  m'O. 

s 


l  of  \ 

*  ■ h  (*.  -  *i  -  i*1*”*. 


u 

+  ^Cp,^Ts  "  V  "  ^  2P 


dT  A2* 

+  "!cpsw  ITT  "  ^sk  ^ 

If  the  surface  temperature  is  uniform  the  last  two  terms  are 
zero.  The  assumption  of  uniform  temperature  has  frequently  been  made  to 
expedite  the  calculations  and  to  arrive  at  a  preliminary  design.  Measure¬ 
ments  (Ref.  12?)  indicate  that  close  to  the  stagnation  region  and  in 
regions  aft  of  the  impingement  area,  the  temperature  gradient  is  practi¬ 
cally  zero.  Between  these  two  areas,  w'  is  probably  sufficiently  small;  ■ 
so  that  the  next  to  the  last  term  becomes  relatively  unimportant.  In 
this  manual  the  last  two  terms  will  be  omitted  from  Eq,  6-8.  However,  it 
is  possible  that  if  they  were  retained  their  influence  on  the  results  could 
be  accounted  for  by  an  iterative  method  of  calculation.  Such  calculation's 
are  excessively  time-con3uming  and  unwarranted  for  ordinary  design  purposes, 

I 

In  omitting  the  last  term,  the  conduction  in  the  skin  is  neglected. 
Boelter,  Johnson,  and  Rubesin  (Ref.  16)  have  performed  calculations  to  mate) 
comparisons  between  solutions  in  which  the  conductivity  is  zero,  finite, 
and  infinite.  They  found  that  the  solution  for  finite  conductivity  approaches 
the  solution  for  no  conduction,  except  where  certain  large  changes  of  the 
coefficient  of  heat  transfer  occur  or  where  a  change  of  wing  structure  oc¬ 
curs.  The  procedure  of  the  more  exact  solution  is  very  tedious,  and  the 
authors  recommend  the  assumption  that  the  chordwise  conductivity  is  zero. 

The  assumption  of  infinite  conductivity  gives  uniform  chordwise  temperature, 
but  this  result  is  not  in  good  agreement  with  the  more  exact  calculation. 


Introducing  the  expression  for  m"  from  Eq.  5-13  and  omitting 
Liib  last  two  terms  from  Eq.  6—6, 


or 
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&c" 


P,a 


h  A  (to 
s  ^  s 


+  W'c  (T  -  T  )~  IP1 

p.nr  s  o 


(6-9) 


>6—1.6  Further  Simplification  of  the  Heat-Balance  ‘.liquation 

Before  continuing  with  the  calculations  it  will  be  desirable  to 
have  Eq.  6-9  in  a  more  suitable  form.  The  form  used  here  is  patterned 
after  that  of  Massinger  (Ref.  9b)'1‘  and  Tribus  (Ref.  12l;).^ 

It  will  be  convenient  to  define  a  functions 


f  =  f(t,p,I)  5  w  •  F(t,I)  (6-10) 


where . 

F(t,I)  =  I  ~A_,  (6-11) 

P,a  T 

These  functions  are  both  dimensionless.  This  coefficient  is  plotted  agaipst 
t:  with  I  as  parameter,,  in  Fig.  6-2.  The  function  f(t,p,l.l)  is  repre¬ 
sented  by  the  solid  lines  in  Fig.  6-3 »  They  cover  the  range  from  10  to 
32  in. -mercury;  curves  are  also  shown  for  pressure  altitudes  of  10,000  and 
20,000  ft.  The  uppermost  dotted  line  represents  the  function  f  (t.,10,,1.05) . 
The  difference  Af  is  uniform.  Curves  for  I  =  1,05  at  other  pressures 


^These  authors  give  corresponding  equations  for  subliming  surfaces 
and  for  surfaces  covered,  with  ice-water  mixtures,  as  well  as  wet  surfaces. 

In  particular,  Messinger  treats  the  unheated  surface.  Subliming  surfaces 
are  of  little  interest  in  anti-icing  calculations;  surfaces  covered  with 
ice-water  mixtures  mey  be  of  interest  when  analysing  an  anti-icing  system 
in  operation  under  severe  icing  conditions.  Since  only  "effective  operation" 
(Section  5-1)  is  our  goal  the  subliming  surfaces  and  the  surfaces  covered 
with  ice-water  mixtures  are  not  considered  in  the  present  manual* 

Since  the  influence  of  the  latent  'near  of  fusion  has  been  omitted 
from  the  derivation,  Eq.  6-9  should  not  be  employed  unless  ts  =»  32*F. 
references  9l  or  12b  should  be  consulted  if  it  is  desired  to  study  cases 
where  tg  is  les3  than  or  equal  to  32*F. 
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FIG.  6-2  FACTOR  F(t,I)  FOR  USE  WITH  EQUATION  6-li 
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FIG.  G-3  CHART  OF  FUNCTION  f(t,p,I) 
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FIG.  6-3  (GONT.)  CHART  OF  FUNCTION  f(t,pf;I) 


would  lie  at  equal  distances  Af  below  the  corresponding  solid  lines. 
They  have  been  omitted  to  keep  the  diagram  clear,  Curves  for  f(t,10,1.0) 
would  lie  at  2  Af  below  f(t,10,l.l) ,  and  so  forth. 


Equation  6-9  may  now  be  written  in  the  following  way  after  factor' 
ing  h  from  all  terms : 


r* 

r  /We  \ 
“hiTa  1  +V~ri2J+ 


T,  /W»t  \ 

T +{-£*)  +  ef(VPojl)  p- 

“ 

SL[n  (if  .,(!!'%■?) 


•  Ail 


o"o’  '  p,  -  p  X  i 

F1  pv,s  AoJ 


Upon  placing 


S[i+(~%2Z)+  ^•f<VPi>1)] 


(6-12) 


(6-13) 


(6-1W 


Eq.  6-12  may  be  written, 


q"  =  »(s.T.  -  b  T  -  6) 


S  S  0  0 


(6-13) 


(6-16) 


For  most  practical  purposes,  and  particularly  fo.r  low  speed,  low  altitudes, 

and  email  temperature  differences,  it  may  be  assumed  that  — —  •  -£s  =  i 

Pi “  Ps  ^o 

then  z  becomes  independent  of  t  and  assumes  the  same  form  as  z  . 
o  s  s 
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6-2  Heat  Transferred  from  the  Double  Skin 


Equation  6-16  has  two  unknowns,  t  and  q" .  Therefore,  another  equa- 

s 

tion  is  needed.  This  is  obtained  by  considering  the  air  flowing  through 
the  double-skin  heater.  Having  .neglected  conduction  in  the  outer  skin,  we 
may  write  to  a  good  approximation  for  small  As, 


-ft 

q 


1 

I 


As)  -  T  (s  +  As 
s 


•As  (6-17) 


where  the  bar  designates  the  effective  mean  value  in  the  interval  from  s 
to  s  +  As,  and  subscript  e  refers  to  the  effective  coefficient  discussed 
in  Section  A— 20 ,  Since  T  also  is  unknown,  another  equation  is  needed. 

ft 

This  is  obtained  from  a  heat  balance  on  the  air  flowing  from  s  to 
s  +  As: 


q”  *  As  =  w^  cp>a  £ra(e)-Ta(s+  As)J  +  q^  •  As  (6-0.8)1 

Neel  (Ref.  98)  describas  an  electric  analog  calculator  which  solves. 

Eq.  5-16,  -17,  and  -18,  or  their  equivalent,  simultaneously.  Gray  (Ref.  1(9) 
has  provided  charts  ■Milch  also  may  be  employed  to  obtain  corresponding  re¬ 
sults,  In  the  next  section  a.  stepwise  numerical  method  is  presented  for 
desk-type  calculations. 


6-3  Numerical  Calculation  of  q",  T  ,  and  Ta 

The  method  presented  here  is  a  stepwise  procedure,  figure  6-li  is  a 
diagram  of  the  upper  or  lower  double-skin  heater.  A  span  1  ft  in  length 
is  considered.  It  is  imagined  to  be  stretched  into  a  straight  conduit. 

A lao,  it  is  supposed  that  coefficients  of  heat  transfer  on  the  inside  and 
outside  surfaces  have  been  plotted  according  to  the  relationships  presented 
in  Chapter  li. 


If  hQ  in  Eq.  6-1?  includes  the  effect  of  convection  from  the  distri¬ 
bution  duct,  q^  may  be  evaluated,  using  Eq.  U— 7U»  If  Hg  is  based  on  the 
assumption  that  the  inner  skin  is  insulated,  q^j  =  0. 


2hl 
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FIG.  6-4  DIVISIONS  OF  A  DOUBLE-SKIN 
HEAT  EXCHANGER 

Starting  with  A  the  inner  stagnation  point  (a  point  opposite  the 
entrance  to  the  double-skin  passages)  the  chordwise  length  of  the  heater 
is  divided  into  a  number  of  sections  AB,  BC,  etc,  not  necessarily  equal. 
The  number  of  sections  is  arbitrary,  as  will  be  mentioned  later.  As  the 
number  of  divisions  is  increased,  the  calculation  time  is  made  longer  and 
the  accuracy  is  improved.  A  check  of  the  accuracy  can  be  mad 6  by  increas¬ 
ing  the  number  of  divisions  until  no  changes  are  found  beyond  an  arbitrary 
allowable  amount.  The  calculation  starts  with  the  stagnation  point  A. 

6-3.1  The 1  Starting  Values 

At  the  stagnationi  point  the  temperature  T^  is  known  it  is, 
the  temperature  of  the  air  supplied  to  the  passageways,  at  their  entrances. 
Thus,  is  equal  to  the  local  sparwise  temperature  t^  in. the  distri¬ 

bution  or  supply  duct.  The  local  coefficients  of  heat  transfer  on  the 
outside  and  inside  surfaces  are  h^  and  h^,  respectively.  From  a  heat 

^"Evaluation  of  T  .  is  treated  in  Section  6— li . 

aA 


?.h2 
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balance  at  the  Section  A, 


«A  =  hA  (ZSA  TsA  "  ZoA  To 


V 


(6—19 ) 


and 


«4  -  haA  <TaA  “  **> 


(6-20) 


Eliminating 


q”  and  solving  for  T3A) 


TsA  = 


G,  7  .  +  a  .  T  +  ©. 
A  aA  oA  o  A 

G.  s„a 
A  sA 


where 


(6-21) 


(6-22) 


Equation  6-21  can  be  solved  for  T^,  by  trial  and  error  using  the  chart 
of  Fig.  6-3  as  another  relationship  between  T  and  z  .  With  T  .  known, 

S  S  SA 

the  rest  of  the  calculation  proceeds  in  the  manner  described  below. 


6-3.2  ,  Continuing  the  Calculation 

_________  _f) 

Consider  the  division  AB.  Upon  eliminating  q  *  6s  from  Eq=  6-1? 

and  -10,  placing 


E  •  A s,., 

,,  _  e,AB  AB 

*A3 - 2w*"c 

a  p,a 


(6-23) 


where  E  . _  is  an  average  coefficient  along  the  inside  surface  area  Aa  , 
6  A  o 

and  solving  for  T&g  in  terms  of  TgB, 


H 


T  _  = 
aB 


‘AB 


1  -  H 


r+H 


AB 


T  .  -t  =- 
aA  1 


'AB 


“AB 


aA,1 


This  equation  allows  T  to  be 


AB  / 

/  \ 

calculated  when 


1  +  II,,  i 

AD  J 


nB 


(6-21) 


is  known,  the  quanti- 


aB  .  sB 

ties  in  parentheses  being  known  constants  for  the  section  A3.  The  above- 

mentioned  restriction  regarding  the  number  of  divisions  is  that  6s  must 
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be  chosen  so  that  H  ^  1  in  all  intervals.  Usually,  it  may  be  found  most 
convenient  to  allow  the  divisions  to  terminate  at  the  and  of  the  laminar 
regime,  the  end  of  the  transition,  and  so  forth.  Further,  small  intervals 
near  the  loading  edge  are  needed  in  order  to  attain  good  accuracy. 


Treating  Point  B  in  the  same  manner  as  Point  A  was  treated 
in  Section  6-3.1, 


TsB  = 


GB  TaB  *  zoB  To  *  CB 
GB  +  ZsB 


(6-25) 


Substituting  for  T^  from  Eq.  (>-2li  and  solving  for  TsB, 

°b  (rrs-  T»»  ♦  rrx?  )♦  s.b  +  sb 

- 1 - - - f - 

zsb  +  rrn^ 

This  equation  is  basically  of  the  same  type  as  Eq.  6-21  and  may  be  solved, 
also,  by  trial  and  error.  Only  two  or  three  trials  are  needed  to  find  the 
solution. 

Equations  similar  to  Eq.  6~2li  and  -26  can  be  written  for  divisions 
BC,  CD,  etc,  by  permutation  of  the  subscripts.  By  solving  each  sert  of 
equations  in  succession  the  distribution  of  temperatures  Tg  and  T&  can  . 
be  found.  Finally,  the  rates  of  heat  transfer  can  be  obtained  by  means  of 
Eq.  6-19  or  -20.  The  integrated  rate  of  heat  transfer  should  be  in  agree¬ 
ment  with 

«'<*>”;  %.  [v- V-’]  <«-”> 


at  the  end  of  each  step. 


6-3.3  Unheated  Surface 

Beyond  the  double  skin,  the  air  velocities  along  the  inside  sur¬ 
face  are  .email  and  relatively  little  heat  is  transferred.  It  may  be  assumed 
that  in  this  region  qn  =  0,  Then,  from  Eq.  6-16,  for  any  point  on  the 


2hh 
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unhoated  surface 


z  t  +  e 


(6-28) 


6-3. I*  Dry,  Heated  Surface 

Simultaneously  nith  the  stepwise  temperature  calculations,  it 
will  be  necessary  to  calculate  w'(s)  by  means  of  Eq.  5-2.  This  procedure 
shows  whether  all  the  water  is  evaporating. 


If  all  the  water  is  evaporated  before  the  end  of  the  heated 
length  is  reached,  a  dry,  heated  region  occurs  and  Eq.  6-26  reduces  to  a 
simple  form.  For  example,  if  Point  D  lies  in  such  a  region,  then 


°D 


CD 


TTI 


T  a 
lsD 


'CD 


sC 


1  - 

+  r+ 


T 

hCD 


aC 


*  T1D  +  °I 


1  + 


°D 


mt 


CD 


(6-29) 


This  equation  gives  TgD  directly,  no  trial  and  error  solution  being 
needed.  It  will  be  found  that  surface  temperatures  in  this  region  will 
be  relatively  high  on  account  of  the  lack  of  cooling  by  evaporation.  It 
ia  important  to  investigate  these  temperatures  because  during  light  icing 
conditions  they  may  possibly  exceed  the  allowable  skin  temperature  when 
the  rate  of  air  flow  and  inlet  temperature  are  high. 

6-Ii  Preliminary  Calculations  .  „ 

The  success  of  the  anti-icing  system  depends  upon  the  selection  and 
control  of  the  inlet  temperature  and  the  rate  of  flow  per  unit  span 

w^.  Before  performing  the  stepwise  calculations  of  the  previous  sections, 
these  quantities  should  be  estimated  to  reduce  the  time  of  calculation. 

For  this  purpose  the  following  plan,  based  on  an  over-all  mass  and  heat 
balance, is  suggested.  The  calculation  begins  with  a  rough  approximation 
of  the  average  surface  temperature  required  to  evaporate  the  water  before 
it  runs  back  out  of  the  effectively  heated  area.  This  average  temperature 


2b5 
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is  later  employed  to  estimate  the  cver-all  rates  of  heat  loss  and,  conse¬ 
quently!  the  rate  of  heat  input. 


6~L;.l  Average  Surface  Temperature  tg 

An  average  surface  temperature  may  be  calculated  by  means  of 
Eq.  5-13  and  Fig.  5-b.  To  simplify  the  calculation*  the  ratio  of  the 
pressures  appearing  in  the  second  term  of  the  brackets  of  Eq.  5-13  may  be 
taken  equal  to  1.0.  Then  using  average  values, 

-ii 

_  m 

oo  =  - - —  +  tl>  (6—30) 

_ii l 

up,a 

-ii 

The  quantity  m  ,  the  average  rate  of  evaporation  per  unit  area,  is  dis¬ 
cussed  in  the  next  section.  Entering  Fig.  S-U  with  the  calculated  value 

of  u>  and  the  absolute  static  pressure  of  the  flight  altitude,  t  may 
s  s 

be  obtained  from  the  abscissa  of  the  chart. 


As  an  alternate  procedure  Eq.  6-30  may  be  further  approximated 
by  means  of  the  equation, 


m 


01622  -S2L 

CPi>a 


P„  +  P 


v.o 


(6-31) 


which  is  obtained  by  neglecting  py  in  the  denominator  of  Eq.  5-9.  The 
approximations  which  have  been  made  give  least  error  at  low  altitudes* 
However,  for  the  present  purpose  they  will  give  adequate  results  at  all 
altitudes;  since  these  results  are  to  be  checked  by  the  stepwise  calcu¬ 
lations.  In  Eq.  6-31  ~  lb/hr  ft2,  pij  =  B/hr  ft2  f,  and  Jjp]]  =  iru- 

mercury.  When  q  has  been  calculated,  tg  may  be  found  in  Table  A~3. 


Introducing  I  -  1.12  and  c  =  0,2li,  the  factor 

P?a 

0.622  I/c  -  2.90,  as  used  by  Massinger  (Ref.  9h).  It  is  based  on  the 
p,a 

assumption  of  laminar  mass  transfer,  which  is  probably  a  good  assumption 
for  the  lower  surface  in  most  cases.  If  the  transfer  is  taken  to  be  tur¬ 
bulent,  the  value  2.6  can  be  employed. 
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_<> 

Evaluation  of  m 

Since  methods  to  calculate  h  are  already  treated  in  Chapter  li, 

_n 

it  is  necessary  only  to  consider  how  to  find  m  .  Before  proceeding,  it 

ia  noted  that  m  could  be  regarded  as  the  mean  rate  of  evaporation  per 

unit  area  on  either  the  upper  or  the  lower  surface.  Since  the  impingement 

on  the  lower  surface  is  heaviest,  the  plan  is  to  arrive  at  an  estimate  of 

the  temperature  and  of  the  flow  required  for  the  lower  .'surface. 

Then  the  heat  requirements  of  the  upper  surface  can  be  met  with  the  same 

temperature  T  ,  but  with  a  modified  rate  of  flow.  Accordingly,  in  the 
“  _n 

remainder  of  this  chapter,  m  and  n  are  referred  to  the  lower  surface. 


There  are  several  methods  to  estimate  m*.  One  group  of  methods 
may  be  represented  by  an  equation  of  the  type. 


m  — 


PaH 


(6-32) 


where  W  is  the  total  rate  of  impingement  on  the  lower  surface  and  s„ 

H 

is  its  heated  length;  oc  and  p  are  arbitrary  fractions  which  the  designer 
may  choose  according  to  the  intensity  of  anti-icing  desired  and  to  his 
experience  with  the  results  of  the  stepwise  calculations.  Some  examples 
are  given  below j 

(1)  If  cc=  1  and  p  =  s^/s^,  a  dry  system  is  planned  in 
which  all  the  water  would  be  evaporated  on  the  area  of  impingement.  As 
mentioned  previously,  such  a  system  would  require  high  temperatures,  high 
rates  of  flow,  or  both;  ordinarily  it  would  not  be  employed. 


(2)  If  a  =  1  and  p  =  1,  it  is  planned  to  evaporate  all  the 
water  on  the  heated  area. 


(3)  If  a  <1  and  p  s  1,  it  is  planned  to  evaporate  a  fraction 
of  the  water  on  the  heated  area  and  to  allow  the  remainder  to  be  evaporated 
by  aerodynamic  heating.  The  same  result  is  obtained  by  taking  cr_  =  1  ar.d 
p  >1,  which  would  mean  that  it  is  planned  to  evaporate  all  the  water  on 
an  area  somewhat  larger  than  the  heated  area.  In  these  cases  the  ratio 
a/ 13  should  probably  be  0.8  or  0,?. 
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Other  methods  may  he  used  wnich  era  modifications  of  those  pre¬ 
sented.  For  example,  the  influence  of  the  partially  wetted  surface  could 
be  Included.  Another  group  of  methods  has  been  based  on  assumptions  regard¬ 
ing  the  surface  temperature}  the  length  of  the  heated  area  i  s  subsequently 
adjusted.  'Whatever  the  method  adopted,  as  the  preliminary  design  procedure 
is  made  more  complex,  it  takes  longer  time.  Since  any  final  configuration 
should  be  analyzed  by  means  of  the  stepwise  calculation,  it  is  recommended 
to  keep  the  procedure  as  simple  as  possible.  If  the  results  of  the  pre¬ 
liminary  calculations  are  found  to  provide  excessive  or  inadequate  heating, 
the  stepwi.se  calculations  will  show  what  adjustment  i3  needed  to  improve 
the  performance  of  the  system.  Modifications  of  the  performance  calculations 
required  by  the  adjustment  can  be  made  with  little  difficulty,  using  the 
results  of  those  calculations  as  a  guide. 

6-I4.3  Total  Rate  of  Heat  Transfer 

With  the  average  surface  temperature  £  known,  the  total  heat 

8 

loss  from  the  wing  may  be  calculated.  This  loss  is  made  up  of  three  main 
parts,  namely,  (1)  the  sensible  heat  loss  to  the  water,  (2)  the  rate  of 
heat  loss  by  evaporation,  and  (3)  the  net  rate  of  heat  transfer  by  con¬ 
vection.  They  will  be  denoted  for  a  unit  span  by  q£,  q£,  and  qj,  re¬ 
spectively.  The  third  item  accounts  tot  the  aerodynamic  heating.  The 
kinetic  gain  from  the  impinging  droplets  can  be  neglected  from  the  pre¬ 
liminary  calculation  because  it  is  relatively  small.,  Accordingly,  the 
total  rate  of  heat  transfer  pci'  unit  3pan  is 

q'  ■  *  q£  + .qj  (6-33) 

These  items  are  evaluated  in  the  next  three  sections. 


6-1*. U  Sensible  Heat  Transfer  to  the  Water 

Ths  rate  of  sensible  heat  transfer  per  unit  span  to  the  impinging 

water  is 

1*  =  -  V  <*-a> 

Of  course,  c  =1  B/lb  F,  and  t  is  the  ambient  air  temperature, 
p  o 


6-4.5  Heat  Loss  by  Evaporation 

The  rata  of  heat  loss  by  evaporation  per  unit  span  is 


q2  =  5"  K  * 


(6-35) 


where  \  is  the  latent  heat  cf  evaporation  at  the  average  surface  tom- 

s 

perature  !  .  It  is  satisfactory  to  employ  ,\  =  1050  B/lb  as  an  average 
s  s 

value  over  the  temperature  range  oncountered  in  the  present  application. 


6-U«6  Net  Heat  Loss  by  Convection 

Neglecting  any  change  of  temperature  outside  the  boundary  layer, 
the  net  heat  loss  by  convection  per  unit  span  is 


q'  m  H  sv 


£  -  t  - 
a  o 


(6-36) 


where  UQ  is  the  airplane  speed  in  ft/secj  however,  if  an  average  speed 
is  used  to  calculate  K,  then  the  same  average  value  .may  be  used  instead 
i of  UQ.  A  convenient  rule  of  thumb  to  calculate  the  last  term  in  the 
parentheses  of  Eq.  6-36  is  to  double  the  square  of  the  speed  In  knots 
divided  by  100;  the  result  uses  =  0.814  as  a  basis  and  has  the 
unit,  Fahrenheit  degrees. 


6-h.?  Determination  of  and 

The  final  step  in  the  preliminary  calculation  is  to  select  a  de¬ 
sirable  or  allowable  value  of  either  n'  or  T  .  and  to  determine  the 

■  i  ■  a  aA  1  b 

correeponding  value  of  the  other  quantity.  The  following  relationships 
exist  between  them.  The  heat  transferred  per  unit  span  is 


q'  =  w'  o  „  |T  .  -  T  (s„)l 
’a  a  p,a  aA  a'  H'J 


(6-37) 


where  Tft(ajj)  is  the  temperature  of  the  air  at  the  end  of  the  heat  ex¬ 
changer.  Also,  since  the  surface  temperature  is  assumed  uniform, 
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'  =  E 


aA 


VSH> 


(6-38) 


In- 


T  .  - 

a/. 


V"h>-\ 


The  difference  between  q'  in  Eq.  6-33  and  in  Eq.  6-37  and  -38  is 
the  heat  transferred  from  the  air  in  the  distribution  duct.  In  many  cases 

the  difference  is  relatively  small  and  may  be  neglected  sc  that  q’  may 

8 


Further,  E_  represents  an  average  effective  heat 
6 


be  placed  equal  to  q1 
transfer  coefficient  based  only  on  the  heat  transferred  inside  the  passages 0 
As  already  suggested,  for  the  present  purpose  it  may  be  assumed  that  on 
account  of  the  fin  effect  of  the  inner  skin,  the  effective  coefficient  is 
about  $ 0  per  cent  higher  than  the  true  coefficient  K  (cf.  Section  k-20). 

cl 

Eliminating  T„(s„)  from  Eq.  6-37  and  -38, 
s.  n 


qT  a  w 


.(T 


a  p,av  aA  s 


-  f  )(1  -  e-2) 


(6-39) 


where 


2  = 


h«Jr 

*TCP,a 


(6~i|0) 


From  Eq.  6-39  and  -itO,  w'  can  be  calculated  if 

& 


aA 


is  known  or  T 


aA 


can  be  found  if 

the  pressures  available  to  meet  the  resistances  of  the  passages 


is  known.;  In  selecting  due  regard  must  be  given 


In  selecting  T^,  which  is  essentially  the  local  distribution- 
duct  or  supply-duct  temperature,  an  allowance  must  be  made  for  any  heat 
losses  from  the  ducts.  In  systecia  like  that  shown  in  Fig.  l-3(c)  and  -3(d), 
the  duct  losses  are  minor.  However,  in  systems  such  as  those  in  Fig.  l-3(a) 
and  -3(b),  the  temperature  drop  along  the  ducts  may  be  significant,  and  an 
estimate  of  the  spanwise  temperature  distribution  is  required.  This  esti¬ 
mate  could  be  obtained  from  heat  and  mass  balances  on  successive  parts  of 
the  distribution  system. 


In  many  cases,  the  heat  lost  from  the  distribution  system  finds 
its  way  to  the  wet  surface,  for  example,  by  conduction  through  structural 
members  or  partitions.  That  heat,  of  course,  is  not  "lost")  it  merely 
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niters  the  distribution  of  the  total  heat  supplied*  Since  the  effects  of 
these  losses  on  the  wet  surfaces  usually  would  not  be  appreciable  and  since 
their  distribution  is  difficult  to  calculate,  it  is  recommended  to  consider 
them  as  a  margin  of  safety,  provided  that  allowance  is  made  for  the  spsnwise 
temperature  distribution  in  the  duct. 

6-5  General  Remarks 

The  procedures  outlined  above  are  based  on  a  unit  span  of  a  typical 
wing  section.  Therefore,  the  performance  of  three  or  more  airfoil  sections 
Of  each  wing  should  be  analyzed.  In  this  way  the  required  distribution  of 
hot  air  through  the  system  can  be  calculated. 

Having  found  the  system  to  protect  the  airplane  against  specified  icing 
conditions,  the  designer  may  than  proceed  to  study  the  performance  in  other 
icing  conditions,,  at  other  altitudes ,  and  temperatures ,  and  for  other  speeds. 

Finally,  he  will  have  to  consider  the  controls  necessary  to  provide 
the  proper  rates  of  air  flow  and  to  prevent  structural  ovorhetiting.  Some 
instrumentation,  also,  may  be  needed  for  ground  and  flight  tests  as  well 
as  for  routine  flying.  : 
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FIG.  A- 1  COMPARISON  OF  MOST  PROBABLE  ICING  AND  STANDARD 
ATMOSPHERIC  TEMPERATURES 
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FIG.  A-2  MACH  NUMBER  AS  A  FUNCTION  OF  AIR 
SPEED  AND  TEMPERATURE 
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FIG. A- 6  NOMOGRAPH  FOR  LAMINAR  HEAT  TRANSFER 
ON  AN  AIRFOIL 
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FIG.  A-7  NOMOGRAPH  FOR  TURBULENT  HEAT 
TRANSFER  ON  AN  AIRFOIL 
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FIG. A -8  NOMOGRAPH  FOR  HEAT  TRANSFER  IN  THE 
ENTRANOF  REGION  OF  A  DOUBLE -SKIN 
PASSAGE 
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